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Abstract 

The  use  of  Micro-Electro-Mechanical  Systems  (MEMS)  in  the  design  of  an 
artificial  cochlea  is  investigated  in  depth.  Interdigitated  finger  (comb), 
cantilever,  bridge,  and  mirror  resonators  are  presented  as  possible  devices 
used  to  implement  the  artificial  cochlea.  These  resonators  are  demonstrated 
to  be  extremely  high  Q  devices,  capable  of  being  tuned  with  a  simple  DC 
bias.  This  suggests  a  possible  change  to  existing  cochlea  models  that  claim 
highly  complex  AC  feedback  as  being  responsible  for  changes  in  the 
damping  of  the  basilar  membrane.  The  new  cochlea  model  presented  here, 
using  MEMS  to  approximate  the  tuning  of  the  basilar  membrane,  may  be 
closer  to  the  workings  of  the  actual  cochlea,  as  we  understand  it  today. 
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Artificial  Cochlea  Design  Using 
Micro-Electro-Mechanical  Systems 

Chapter  1 

1.  Introduction 

Man,  in  his  efforts  to  overcome  his  environment,  has  continually 
attempted  to  uncover  and  copy  Mother  Nature’s  secrets.  Sometimes  these 
efforts  are  successful,  as  in  the  case  of  flight.  Other  times,  we  are  not  as 
successful.  Presently,  people  suffering  from  hearing  loss  are  fitted  with 
devices  that  amplify  sound,  but  don’t  begin  to  perform  the  complex 
processing  that  takes  place  in  the  human  auditory  system.  As  anyone 
familiar  with  these  devices  can  attest,  their  performance  is  mediocre  at  best. 
If  the  secrets  of  the  mammalian  auditory  system  can  be  unlocked  and 
reproduced,  genuine  hearing  loss  correction,  like  flight,  could  be  a  reality. 

1.1  Purpose 

Currently,  no  device  exists  that  accurately  reproduces  the  function  of 
the  human  cochlea.  Such  a  device  will  be  highly  complex  since  it  has  to  be 
time,  frequency,  and  phase  discriminating,  and  will  have  to  operate  at  high 
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speeds.  While  cochlear  research  has  been  ongoing  for  over  a  century,  the 
first  attempts  at  building  such  a  device  took  place  only  a  short  time  ago. 

One  of  the  first  attempts  at  building  an  analog  cochlea  took  place  in 
the  early  1960’s  by  John  L.  Stewart  of  Armstrong  Laboratories  at  Wright- 
Patterson  AFB  [1].  In  1988  Lyon  and  Mead  documented  the  first  Very 
Large  Scale  Integration  (VLSI)  of  an  Analog  Cochlea  [2].  Even  though  this 
is  a  relatively  short  time  ago,  advances  in  electronic  devices  are  outpacing 
our  ability  to  apply  them,  and  many  new  devices  have  been  designed  since 
the  first  analog  cochlea.  One  such  category  of  devices,  Micro-Electro- 
Mechanical  Systems  (MEMS),  has  been  referred  to  as  another  “solution  in 
search  of  a  problem”  [3],  meaning  there  are  many  fields  where  these  devices 
can  be  applied  that  have  not  been  thus  far  attempted.  The  advantages  of 
these  devices  are  their  very  small  size,  measured  in  microns,  and  their  high 
Q,  the  quality  factor.  An  analog  cochlea  designed  with  MEMS  devices  is  a 
major  advance  in  cochlear  modeling. 

The  purpose  of  this  thesis  is  to  lay  the  groundwork  for  an  artificial 
cochlea  designed  using  MEMS.  This  new  innovation  in  artificial  cochlea 
design  is  different  from  all  previous  designs,  in  that  it  uses  electro¬ 
mechanical  transducers  to  mimic  the  innerworkings  of  the  living  cochlea. 
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Since  these  devices  operate  in  a  manner  much  closer  to  that  of  actual 
cochlear  filtering  sections  than  the  previously  used  electronic  devices,  a 
more  accurate  model  is  obtained.  The  use  of  MEMS  in  cochlear  mechanics 
may  soon  unlock  the  secrets  of  the  living  cochlea. 

1.2  Problem  Statement. 

Speech  recognition  promises  a  myriad  of  technological  advances. 

For  instance,  the  use  of  speech  recognition  interfaces  might  reduce  our 
reliance  on  keyboards  and  monitors,  thus  saving  millions  of  dollars  each 
year  for  the  Department  of  Defense,  and  the  country  as  a  whole,  by  reducing 
medical  problems  such  as  carpal  tunnel  syndrome  and  radiation  exposure. 

As  another  example,  the  use  of  speech  recognition  and  hearing  prosthetic 
devices  may  someday  remediate  deafness. 

In  the  words  of  Plato,  “Necessity  ...  is  the  mother  of  invention.”  The 
need  for  a  more  accurate  sound  processor  is  apparent  in  fields  of  speech 
recognition,  sound  localization,  deafness  correction,  and  many  others.  The 
devices  created  in  these  areas  to  date  have  been  rather  clumsy  [2,4-5].  By 
building  an  analog  of  the  human/mammalian  cochlea,  a  better 
understanding  of  this  natural  device  can  be  obtained  and  modeled.  The 
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more  accurate  this  model  is,  the  better  the  applications  using  this  model  will 
be.  The  cochlea  itself  is  an  electromechanical  device,  so  modeling  it  using 
MEMS  is  a  natural  choice. 

1.3  Scope 

The  scope  of  this  research  is  limited  to  improving  the  current 
understanding  of  the  cochlea  by  further  refining  its  model.  Only  the 
electromechanical  aspects  of  cochlea  design  are  discussed.  No  devices 
(such  as  speech  recognizers,  hearing  prosthetics,  etc.)  are  implemented.  The 
subject  of  neural  transmission  of  signals  generated  by  the  cochlea  is  not 
addressed. 

The  overall  scope  of  this  thesis  is  to  address  the  use  of  MEMS  in 
artificial  cochlea  design  to  improve  several  key  components  of  existing 
models.  Specifically,  a  new  focus  on  the  Q  of  cochlear  sections  (which 
controls  the  sharpness  of  tuning)  affecting  the  overall  tuning  of  the  cochlea, 
and  control  over  these  sections  is  presented.  The  intent  is  to  broaden  the 
field  of  cochlear  mechanics  by  introducing  these  new  devices,  and 
presenting  a  new  theory  of  cochlear  tuning. 
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1.4  Approach 


The  approach  taken  for  this  thesis  is  to  consider  design  criterion  of  a 
new  type  of  artificial  cochlea.  Not  only  are  the  MEMS  devices  themselves 
considered,  but  the  design  of  the  overall  system  representing  the  cochlea  is 
examined  in  detail.  The  effects  of  the  new  design  on  current  cochlea 
models  are  contemplated  and  carefully  discussed. 

1.4.1  Cochlea  Design  With  MEMS 

The  first  stages  of  the  human  auditory  system  constitute  a  complex 
control  system.  Sound  enters  the  ear  and  is  first  processed  by  the  outer  ear. 
The  main  function  of  the  outer  ear  is  to  channel  the  incoming  sound  into  the 
inner  ear,  while  controlling,  to  some  extent,  the  intensity  of  the  sound  and 
emphasizes  specific  frequency  components.  Next,  the  sound  is  processed 
by  the  inner  ear,  whose  primary  component  is  the  cochlea.  The  cochlea 
analyzes  the  incoming  sound  into  discrete  frequencies,  at  varying 
amplitudes,  which  it  then  reports  to  the  brain.  Since  this  process  occurs  in 
real  time,  other  information,  such  as  phase  changes,  are  also  detected.  The 
brain,  in  turn,  sends  signals  back  to  the  cochlea.  These  signals  enable  the 
cochlea  to  change  the  way  it  processes  the  incoming  sound. 
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This  system  is  modeled  in  Chapter  5  using  a  computer  as  a  controller 
to  act  as  the  brain.  There  must  also  be  a  device  that  acts  as  the  cochlea.  For 
the  artificial  cochlea  presented  here,  this  device  is  a  series  of  MEMS 
devices,  each  with  a  unique  resonance  frequency  in  the  auditory  range, 
ideally  spanning  the  entire  range.  Each  device  can  be  tuned  about  its 
resonance  by  the  controller.  Interface  between  the  controller  and  artificial 
cochlea  is  accomplished  via  the  system  buses,  using  a  preassembled 
personal  computer  (PC)  prototype  circuit  card. 

1.4. 1.1  Overall  Design  Description 

To  facilitate  understandability,  reusability,  and  maintainability,  a  top- 
down  modular  approach  is  used.  The  highest  level  is  a  computer  circuit 
card.  This  card  contains  all  the  circuitry  associated  with  the  artificial 
cochlea,  where  possible.  The  exception  is  the  placement  of  the  MEMS 
devices  themselves.  Initially,  the  MEMS  devices  must  be  placed  in  a 
vacuum  chamber  to  realize  their  high  Q  performance.  After  prototyping, 
these  devices  can  be  placed  in  multi-chip  modules,  along  with  their 
associated  drive  and  sense  circuitry,  and  hermetically  packed  in  a  vacuum. 
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The  intent  is  to  implement  only  the  essential  components  in 
hardware,  and  to  use  software  to  control  them.  Where  possible, 

Commercial  Off  The  Shelf  (COTS)  components  are  used.  The  circuit  card 
design  discussed  later  is  computer  architecture  dependent,  designed  for  the 
x86  architecture,  but  is  portable  to  any  other  architecture. 

1.4.1. 2  Computer  Circuit  Card  Description 

The  artificial  cochlea  overall  design  block  diagram  is  shown  in  Figure 
1-1.  The  control  program  interfaces  with  the  circuit  card  via  the  system 
buses.  The  computer  interface  and  control  logic  circuits  contain  all  of 
address  and  decode  circuits,  enabling  the  all  aspects  of  the  circuit  card  to  be 
supervised  by  the  control  program.  The  control  program  enables  the  source 
of  the  input  signal,  then  polls  the  individual  MEMS  devices  for  their  values. 
Signals  sensed  on  these  devices  are  converted  to  digital,  and  returned  to  the 
control  program.  The  control  program  can  emulate  various  conditions  on 
the  artificial  cochlea,  similar  to  the  control  the  brain  has  over  an  actual 
cochlea.  For  instance,  it  can  listen  to  a  single  frequency,  or  over  a  wide 
range  of  harmonically  related,  or  inharmonic  frequencies.  The  control 
program  can  also  apply  feedback  to  any  individual  MEMS  device  to  zero  in 
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on  a  single  frequency  among  many  others. 


Figure  1-1  -  Artificial  cochlea  overall  block  diagram.  The  design  of  the 
artificial  cochlea  implemented  using  MEMS  and  controlled  by  a 
microprocessor  is  depicted.  The  MEMS  devices  are  auditory  range  tunable 
resonators.  They  are  driven  and  sensed  under  supervision  of  a  control 
program  residing  in  the  processor ’s  main  memory. 


1.4.1.3  MEMS  Control  Circuitry 

The  MEMS  control  circuitry  consists  of  the  select  logic,  sense 
amplifiers,  and  feedback  control.  SmartMUMPs  [6],  which  combines 
MEMS  with  the  appropriate  drive  and  sense  circuitry,  is  being  considered, 
since  the  signal  coming  from  the  MEMS  chip  will  already  be  conditioned. 
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This  allows  the  use  of  discrete  components  on  the  computer  circuit  card. 
However,  the  SmartMUMPs  chip,  as  delivered,  is  not  vacuum  packed,  and 
must  be  operated  from  within  a  vacuum  chamber.  Another  option 
considered,  is  a  vacuum  packed  multi-chip  module,  with  MEMS  and  VLSI 
die  combined.  This  has  the  advantage  of  providing  a  large  number  of 
resonators  along  with  the  associated  drive/sense  logic  on  a  single  chip  that 
can  be  placed  on  an  ordinary  circuit  card. 

The  purpose  of  the  MEMS  control  circuit  is  to  control  the  individual 
MEMS  devices.  Each  MEMS  device  requires  a  separate  sense  amplifier 
and  feedback  control  circuit.  Figure  1-2  shows  the  overall  block  diagram 
for  this  circuit.  The  cantilever  is  driven  by  the  Feedback  Control  Circuit. 

At  resonance,  the  cantilever  has  maximum  deflection,  and  the  signal  sensed 
is  also  at  its  maximum  level.  This  sensed  signal  is  amplified  and  sent  off 
the  chip  to  an  analog  to  digital  converter,  and  to  the  processor.  The  select 
logic  enables  one  sense/feedback  pair  at  a  time  under  the  direction  of  the 
control  program. 

The  control  program  decides  when  to  apply  the  feedback  signal.  The 
audio  signal  is  applied  to  all  cantilevers  simultaneously.  When  the  control 
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program  requires,  feedback  is  used  to  dampen  the  oscillations  of  the 
individual  cantilevers.  This  can  be  accomplished  by  applying  the  sensed 


Figure  1-2  -  Sense  Amplifier  and  Feedback  Control  block  diagram.  Top 
view  of  cantilever  being  driven  by  the  feedback  control  block,  with  output 
being  sensed  by  the  sense  amplifier. 


signal  back  into  the  drive  180°  out  of  phase  (inverted),  effectively  nullifying 
the  original  drive  signal.  The  sense  signal  can  also  be  fed  back  in  phase, 
increasing  the  drive  on  the  cantilevers. 

A  simpler,  more  efficient  way  to  do  this,  is  to  instead  apply  and  vary 
a  DC  bias.  By  changing  the  DC  drive,  both  the  amplitude  and  resonant 
center  frequency  of  the  MEMS  can  be  varied.  This,  in  effect,  simulates 
what  is  believed  to  be  the  function  of  the  outer  hair  cells  of  the  cochlea. 
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The  control  program,  by  applying  a  DC  drive  across  the  MEMS  devices, 
simulates  a  stiffening  of  the  cochlea’s  basilar  membrane.  This  is  due  to  the 
changes  in  the  spring  constant,  k,  used  in  the  frequency  equation  due  to 
added  tension  in  the  MEMS  devices  caused  by  the  DC  drive  component, 
thus  changing  the  MEMS  resonant  frequency. 

1.4. 1.4  MEMS  Description 

Cantilever,  bridge,  interdigitated  finger  (comb),  and  mirror  type 
resonators  are  considered  for  the  MEMS  devices.  As  stated  earlier, 
SmartMUMPs,  one  of  the  processes  used  to  implement  the  MEMS  devices, 
enables  the  output  of  the  MEMS  to  be  sensed  and  amplified  on  chip  [6]. 
This  reduces  the  signal  loss,  enabling  small  changes  in  capacitance  to  be 
sensed.  The  SmartMUMPs  process  is  discussed  in  detail  in  the  next 
Chapter. 

1. 4. 1. 5  Software  Design  Description 

The  control  program  acts  as  the  master  controller  for  the  artificial 
cochlea,  in  an  attempt  to  simulate  the  way  we  currently  believe  the  human 
brain  controls  the  cochlea.  This  software,  as  described,  plots  the  audio 
signal  along  with  the  data  from  the  individual  MEMS,  so  that  real  time 
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comparisons  with  preprogrammed  physiological  data  can  be  made. 

1.5  Plan  of  Development 

This  thesis  is  broken  down  into  six  chapters.  The  first  was  a  general 
overview  of  the  problem,  and  an  approach  to  the  solution  to  the  problem. 
Chapter  2  begins  with  a  discussion  of  the  cochlea,  and  how  the  cochlea 
functions  within  the  auditory  system,  with  an  emphasis  on  cochlea 
modeling.  It  then  describes  MEMS  design  and  fabrication  details.  Chapter 
3  presents  the  theory  behind  designing  an  artificial  cochlea  using  MEMS 
devices.  Furthermore,  it  explains  how  a  desktop  computer  can  be  used  to 
act  as  the  controller  for  the  artificial  cochlea,  much  in  the  same  way  the 
brain  controls  the  living  cochlea.  Chapter  4  describes  the  setup  and  testing 
of  the  individual  MEMS  devices,  as  well  as  the  overall  artificial  cochlea. 
Chapter  5  contains  the  results  of  the  tests  detailed  in  Chapter  4.  Lastly,  the 
conclusions  and  recommendations  for  future  work  are  presented  in  Chapter 
6. 
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Chapter  2 


2.  Literature  Review 

This  Chapter  is  an  overview  of  pertinent  research  previously 
accomplished.  First,  a  presentation  of  cochlear  mechanics  and  models  is 
provided,  followed  by  a  discussion  of  the  design  and  fabrication  of  MEMS. 

2.1  The  Cochlea 

The  way  that  the  cochlea  interfaces  the  outside  world  with  our  brain, 
enabling  us  to  hear,  has  been  studied  since  the  turn  of  the  century.  To 
understand  how  something  as  complex  as  the  cochlea  functions,  it  must  be 
first  transformed  into  something  easier  to  understand.  To  that  end,  many 
models  have  been  attempted. 

2.1.1  Background 

The  cochlea  is  an  integral  part  of  the  mammalian  auditory  system. 
Located  in  the  inner  ear,  this  spiral  shaped  component,  similar  in  shape  to  a 
snail  (Figure  2-1),  plays  a  major  role  in  converting  sound  into  electrical 
signals  the  brain  can  understand.  It  does  this  through  a  complex  system  of 
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hair  cells  that  connect  to  neurons  linking  the  brain  with  the  auditory  system. 
These  hair  cells  number  over  25,000  with  each  transmitting  and  receiving 


Figure  2-1  -  The  human  auditory  system.  The  location  and  physical 
description  of  the  cochlea  inside  the  auditory  system  [7J. 


electrical  signals  to  and  from  the  brain.  The  bundled  hair  cells  are  sensitive 
to  motion  of  the  basilar  membrane  (BM)  caused  by  the  incoming  sound 
source  (Figure  2-2).  When  in  motion,  the  hair  cells  generate  electrical 
signals.  The  signals  sent  to  the  brain  are  the  converted  pressure  waves 
caused  by  sound.  Signals  are  also  received  from  the  brain  to  control  the  hair 
cells  [8].  This,  effectively,  is  a  highly  complex  control  system. 
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Physically,  the  cochlea  is  a  fluid-filled  device  divided  into  three 
partitions  as  shown  in  Figure  2-3:  the  scala  vestibuli,  the  scala  tympani,  and 
the  scala  media  [9-11].  The  basilar  membrane  is  located  between  the 


Figure  2-2  -  Movement  of  hair  cells.  Sound  traveling  on  the  basilar 
membrane  (BM)  causes  hair  cells  to  be  displaced.  Outer  hair  cells, 
controlled  by  electrical  stimulus  from  the  brain,  alter  the  effect  that  the 
sound  has  on  the  BM  [8]. 


scala  media  and  scala  tympani.  The  inner  and  outer  hair  cells  lie  above  the 
basilar  membrane.  There  are  approximately  three  times  as  many  outer  hair 
cells  as  there  are  inner  hair  cells.  The  hair  cells  are  connected  to  nerve 
fibers  that  transmit  signals  to  and  from  the  brain.  Hair  cells  are  columnar  or 
flashed  shape,  as  shown  in  Figure  2-4,  and  produce  electrical  signals  when 
moved. 
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Figure  2-3  -  The  human  cochlea.  Cross-sectional  view  of  the  human 
cochlea  showing  the  major  components  [7], 


Figure  2-4  -  Hair  cell  from  a  frog’s  sacculus.  Movement  of  the  bundle 
towards  the  tall  edge  excites  the  cell  [8 ]. 
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The  three  cochlea  partitions  work  in  conjunction  with  the  rest  of  the 
auditory  system  to  enable  a  human  to  hear  frequencies  from  approximately 
20  Hz  to  about  20,000  Hz  with  such  acuity  that,  at  some  frequencies,  a  1  Hz 
change  can  be  distinguished  [10].  The  partitions  also  provide  automatic 
gain  control,  that  is,  controlling  the  volume  of  the  input  sound  [9-12].  That 
is  why  we  can  hear  a  pin  drop  when  it  is  quiet,  and  conversely,  are  not 
deafened  when  a  train  passes. 


Figure  2-5  -  Simplified  cochlear  model.  Traveling  wave  on  the  basilar 
membrane  [10]. 

Before  the  cochlea  receives  the  sound  to  be  processed,  it  is  first 
preprocessed  by  the  outer  ear.  This  begins  when  sound  enters  the  ear. 
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causing  the  eardrum  to  vibrate.  The  eardrum  is  connected  to  a  series  of  tiny 
bones  that  transfer  the  sound  to  the  base  of  the  cochlea.  Sound  enters  the 
cochlea  through  a  small  opening  called  the  oval  window.  It  travels  down 
the  scalar  vestibuli  and  afterward  out  through  the  scalar  tympani.  Between 
these  lies  the  basilar  membrane.  Sound  causes  the  BM  to  vibrate,  with 
maximum  displacement  at  points  along  the  membrane  that  are  sensitive  to 
specific  frequencies  present  in  the  incoming  sound.  These  points  of 
maximum  displacement  correspond  to  the  resonance  frequency  of  the 
particular  section  of  the  BM.  This  is  shown  in  the  simplified  model  of  the 
cochlea  in  Figure  2-5.  Each  point  on  the  BM  has  an  associated  frequency 
that  causes  maximum  displacement. 

Figure  2-6  shows  the  innerworkings  of  the  cochlea.  Each  inner  hair 
cell  senses  the  motion  of  the  BM  and  reports  the  motion  for  its  particular 
location  to  the  brain  via  afferent  synapses.  Synapses,  connections  between 
the  nerve  fibers  and  the  hair  cells,  when  excited  release  a  chemical 
neurotransmitter  generating  electrical  signals  that  travel  to  the  brain  by  way 
of  nerve  fibers  [8].  The  brain,  can  control  the  movement  of  the  BM  section 
by  sending  signals  to  the  outer  hair  cells  via  the  efferent  nerve  fibers. 
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Figure  2-6  -  Detailed  illustration  of  the  innerworkings  of  the  cochlea  [8J. 


2.1.2  Cochlear  Modeling 

Essentially  the  cochlea  can  be  modeled  as  a  transmission  line,  or  a 
dynamic  series-parallel  resonant  circuit  as  shown  in  Figure  2-7.  Each 
cochlear  section  acts  analogous  to  a  resonant  circuit.  The  system,  however 


is  non-linear,  and  difficult  to  model  exactly.  As  stated  earlier,  research  in 
this  area  has  a  relatively  short  history.  Mathematical  models  can  be  dated 
back  to  the  1930’s.  Since  the  1950’s,  many  analog  models  were  devised. 
The  first  VLSI  implementation  of  an  analog  cochlea  model,  by  Lyon  and 
Mead,  occurred  in  1988  [2]. 

Since  then,  several  improved  versions  have  been  synthesized.  The 
first,  by  Watts,  Kerns,  and  Lyon  used  the  experience  gained  with  the 
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Figure  2-7  -  Cochlear  equivalent  electrical  circuit.  The  cochlea  can  be 
modeled  as  a  series  of  tuned  RLC  tank  circuits.  Between  each  subsequent 
stage  is  an  inductor  representing  the  fluid  mass.  Each  stage  represents  a 
specific  point  on  the  basilar  membrane  with  its  unique  resonance  frequency 
[10]. 


original  silicon  cochlea  to  further  address  dynamic  range,  stability,  device 
mismatch,  and  compactness  issues  [13].  The  VLSI  analog  cochlea  model 
was  used  by  others  to  address  diverse  issues,  such  as  binaural  hearing  [5], 
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speech  representation  [4],  and  speaker  recognition  [9].  The  latest  design 
uses  switched-capacitors  to  implement  the  analog  cochlea,  thus  decreasing 
the  size  while  at  the  same  time  increasing  the  frequency  response  and 
dynamic  range  [14], 

2. 1.2. 1  Early  Artificial  Cochlea  Design 

Models  of  the  cochlea  have  been  conceptualized  for  almost  a  century. 
Georg  Von  Bekesy,  known  for  his  experiments  on  the  cochleae  of  cadavers 
in  the  early  1930’s  and  later  receiving  a  Noble  Prize  in  Physiology  and 
Medicine  in  1961  for  this  work,  created  the  first  cochlear  model.  He 
constructed  a  hydraulic  working  model  of  the  cochlea  using  the  data  from 
his  experiments  [15].  The  data  he  obtained,  however,  were  inaccurate.  We 
know  now  that  cochlea  is  an  active  device,  controlled  by  the  brain.  Since 
the  brain  of  all  his  subjects  had  ceased  to  function,  so  had  the  ability  of  the 
cochleae  to  respond  appropriately  to  the  stimulus  he  provided. 

Implementing  models  and  comparing  them  to  nature  is  a  time 
honored  practice  of  learning  and  maintaining  forward  progress.  Early 
cochlear  models,  while  now  obsolete,  provided  others  with  a  window  into 
the  problems  associated  with  copying  Nature. 
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Von  Bekesy’s  experiments  and  observations,  while  fundamentally 
flawed,  were  a  giant  step  in  the  field  of  auditory  research.  Stewart’s  analog 
cochlea  [1]  was  one  of  the  first  in  a  series  of  implemented  models  that 
helped  to  further  the  thinking  on  the  subject.  Many  other  attempts  at 
unlocking  the  secrets  of  the  auditory  system  have  brought  us  to  where  we 
are  today,  and  it  will  probably  take  many  more  attempts  to  realize  the  goal. 

2.1.2.2  Mathematical  Models  of  the  Cochlea 

As  knowledge  in  the  field  has  increased,  many  other  models  have 
been  proposed  [17-27]. 

In  one  such  model,  “Mathematical  Models  of  the  Cochlea”  [20], 
Neeley  describes  the  macromechanics  and  micromechanics  of  the  cochlea. 
Cochlea  macromechanics  is  chiefly  concerned  with  the  inertial  properties  of 
the  cochlear  fluid,  and  the  pressure  distribution  thereof  Cochlear 
micromechanics  looks  at  the  cross-section  of  the  BM,  defining  it  in  terms  of 
lumped  mass,  stiffness,  and  damping  at  selected  positions  along  the 
partition. 

Early  cochlear  macromechanics  reduced  to  finding  the  pressure 
differences  in  a  rectangular  box  [20].  This  is  possible  due  to  several 
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assumptions:  The  cochlear  fluid  is  incompressible,  the  spiral  shape  is  not 
significant,  and  the  upper  and  lower  channels  are  geometrically  symmetric. 

In  discussing  cochlear  micromechanics,  Neely  observes  the 
distinction  between  the  postmortem  and  living  cochlear  mechanics,  citing 
the  term  “cochlear  amplifier,”  which  he  attributes  to  Davis  [27].  The 
“cochlear  amplifier”  refers  to  the  fact  that  BM  displacements  are  sharply 
tuned,  and  respond  roughly  as  depicted  in  Figure  2-11,  the  tuning  curve  of  a 
cat  [20]. 

The  results  of  the  model  are  depicted  in  Figure  2-8.  In  the  model  Mj, 
Rj,  and  Ki  are  the  lumped  mass,  damping,  and  stiffness  of  the  BM, 
respectively.  The  interesting  point  of  this  model  is  the  use  of  the  term  y  in 
the  outer  hair  cell  (OHC)  filter  section.  He  describes  this  dimensionless 
parameter  as  “the  necessary  transduction  to  and  from  the  electrochemical 
domain  ....” 

The  following  year,  Neely  refined  his  model,  spending  more  time 
comparing  his  model  to  actual  experimental  evidence  [23].  This 
comparison  included  physiologic  data  compiled  for  squirrel  monkeys  and 
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Figure  2-8  -  Neely  model  of  the  cochlea.  Complex  feedback  from  the  outer  hair  cells  is 
applied  back  to  the  basilar  membrane  to  tune  the  cochlea  [20J. 


guinea  pigs  using  Mossbauer  techniques.  The  Mossbauer  technique  uses 
Doppler-shifted  gamma  rays  to  detect  movement  of  a  small  radiation  source 
mounted  on  the  cochlear  partition  [2].  Using  this  technique,  a  progressive 
decline  in  the  sensitivity  and  sharpness  of  tuning  as  the  condition  of  the 
animal  deteriorated  was  shown  [23].  Also  discussed  is  the  generation  of 
spontaneous  octoacoustic  emissions  (sounds  emanating  from  the  ear),  which 
is  attributed  to  excessive  gain  in  the  cochlea  amplifier. 
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2.1. 2.3  Time  Domain  Digital  Cochlear  Model 


One  of  the  most  recent,  and  most  comprehensive  models,  is  Kates ’s 
“Time  Domain  Digital  Cochlear  Model”  [25-26].  He  uses  a  Modified 
Transmission  Line  (MTL)  approach,  shown  in  Figure  2-9,  to  model  the 
individual  sections  of  the  BM.  Similar  to  the  Analog  Cochlea  proposed  by 
Lyon  and  Mead  [2],  Kates  focuses  on  adjusting  the  Q  of  each  cochlear 
section  by  changing  the  damping  of  the  particular  section.  This  is 
accomplished  by  applying  complex  feedback  to  the  filter  sections. 


FROM  PREV. 
SEGTIDN 


TO  NEXT 
SECTION 


TO  PEAK 
DETECT. 


FROM  PEAK 
DETECT. 


Figure  2-9  -  Block  diagram  of  the  Kate ’s  model.  A  section  of  the  BM  is 
described  as  two  filter  sections,  each  with  variable  Q,  controlled  by 
complex  feedback  [26], 
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Figure  2-10  shows  a  set  of  frequency  response  curves  for  the  Kate’s 
MTL  model.  The  magnitude  response  curves  are  inverted  compared  to 
physiological  data.  For  example, 

Figure  2-11  shows  a  sampling  of  tuning  curves  from  a  cat’s  cochlea  [28]. 
These  curves,  similar  to  tuning  curves  of  other  animals,  are  described  by 
Kates  as  having  a  narrow  but  rounded  peak  at  the  characteristic  frequency,  a 
very  steep  high-frequency  slope,  a  response  zero  about  one  octave  below 
the  peak,  and  a  flat  tail  extending  to  the  low-frequency  cutoff  [26]. 


Magnitude 


Phase 


<b> 

Figure  2-10  —  Cochlear  tuning  curves  for  Kates  model  (a)  Gain  vs. 
frequency  (b)  Phase  vs.  frequency  [26]. 
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It  is  difficult  to  find  live  human  cochlea  donors  to  experiment  on,  but 
according  to  Kates,  a  human  cochlear  tuning  curve  can  be  approximated  by 
dividing  the  frequencies  by  three  based  on  the  mechanical  properties  of 
human  and  feline  cochleae  [26].  The  normal  cat  auditory  range  is 
approximately  96  Hz  to  60  KHz.  Dividing  by  three  yields  32  Hz  to  20  KHz. 


FREQUENCY,  kHz 

Figure  2-11  -  Tuning  curve  of  a  cat ’s  cochlea  [28 ]. 


A  frequency  to  place  mapping  is  performed  assuming  a  normalized  cochlear 
distance,  from  apex  to  base,  0  <  x  <  1,  using  [25]: 
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/(x)  =  160-(10''"  -0.8) 


(2-1) 


Knowing  that  the  higher  frequencies  cause  vibrations  on  the  BM  closest  to 
the  stapes  [20],  this  equation  shows  the  highest  frequency,  20  KHz,  is 
sensed  on  the  BM  at  the  entry  to  the  cochlea,  such  that  when  x  =  1 ,  f(x)  = 
20000  Hz.  The  greater  the  distance  traveled  along  the  BM  away  from  the 
stapes/oval  window,  toward  the  helicotrema,  the  lower  the  frequency 
sensed. 

2.1. 2.4  VLSI  Implementations  of  the  Artificial  Cochlea 

Lyon  and  Mead  developed  the  first  VLSI  implementation  of  an 
analog  electric  cochlea  in  1988  [2].  They  intended  to  incorporate  as  much 
of  the  current  knowledge  and  function  into  the  device,  while  at  the  same 
time  keeping  the  device  simple.  By  this  time,  it  was  clear  that  the  cochlea 
was  an  active  device.  They  refer  to  experiments  performed  on  chinchillas 
where  spontaneous  acoustic  emission  could  be  heard  for  several  meters. 
These  emissions  are  caused  by  physical  oscillations  on  the  BM  not  induced 
by  incoming  sound.  Tinnitus,  or  ringing  in  the  ears,  is  caused  by  the  same 
non-induced  oscillation.  The  explanation  of  these  oscillations  is  that  the 
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Automatic  Gain  Control  (AGC)  is  out  of  alignment.  More  positive 
feedback  is  applied  than  actually  required  thus  causing  oscillation.  Lyon 
and  Mead  go  on  to  suggest  that  the  outer  hair  cells  are  muscles  that  pump 
mechanical  energy  into  the  BM,  reducing  the  damping,  thereby  changing 
the  Q  of  the  cochlea. 

To  implement  the  “silicon  cochlea”,  Lyon  and  Mead  used  cascaded 
stages  of  transconductance  amplifiers  (TZA)  [2].  Each  stage  representing  a 
tap  along  the  BM,  and  a  first  order  system  of  wave  propagation.  Each  TZA 
implemented  a  low-pass  filter  section.  A  delay  element  was  also  added  to 
approximate  the  second  order  system  of  fluid  mass  and  membrane  stiffness. 
This  second  order  system  controls  the  quality  factor  (Q)  and  delay  (x)  of 
each  stage.  In  all,  480  stages  were  used,  each  stage  was  set  to  be  slower 
than  its  predecessor. 

Four  years  later  the  original  model  was  improved  to  capture  more  of 
the  finer  detail  of  an  actual  living  cochlea  [13].  To  increase  the  dynamic 
range  of  the  transconductance  amplifiers,  source  degradation  was  inserted 
with  the  addition  of  diodes.  Large-signal  instability  was  eliminated  by 
changing  the  types  of  amplifiers  used  in  the  second  order  section.  Also, 
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Figure  2-12  -  Frequency  response  curves  of  the  VLSI  implementations  of 
the  analog  cochlea,  (a)  Original  Lyon-Mead  cochlea  (b)  Improved 
cochlea  [13]. 


small  change  on  the  Q  control  circuitry  enabled  better  Q  control.  Figure  2- 
12  and  Figure  2-13  show  comparisons  of  the  frequency  response  and  Q 
factor  profiles  of  the  silicon  cochlea  before  and  after  the  changes. 


Figure  2-13  -  Quality  factor  profiles  of  the  VLSI  implementations  of  the 
analog  cochlea,  (a)  Original  Lyon-Mead  cochlea  (b)  Improved  cochlea 
[13]. 
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2.1. 2.5  Switched  Capacitor  Artificial  Cochlea 


A  recently  proposed  model  by  Bor  and  Wu  [14]  is  based  upon 
Zwislocki’s  1950  transmission  line  model  [29].  By  using  switched 


Figure  2-14  -  Frequency  response  of  the  Switched  Capacitor  Cochlea 
[14]. 
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capacitors,  the  required  number  of  low-order  filter  stages  is  decreased.  The 
trade  off  however,  is  the  increased  complexity  of  controlling  multiple 
clocks,  and  the  losses  associated  with  clocking  in  general.  The  resultant 
waveforms  (Figure  2-14)  are  similar  to  that  of  the  Lyon-Mead  cochlea. 

2.1.3  Cochlea  Model  Summary 

The  models  presented  are  representative  of  the  current  state  of 
cochlear  modeling.  There  are  many  other  models,  each  with  its  own  slant, 
but  for  the  scope  of  this  thesis  the  presented  models  are  sufficient.  Each  of 
the  models  has  the  same  general  approach.  Break  the  cochlea  into  sections, 
model  each  section,  and  put  the  sections  together  in  a  system.  The  modem 
implementations  all  use  electronic  components,  some  using  large  scale 
integration,  to  implement  the  individual  sections  and  overall  system. 

Two  major  problems  exist  in  the  previously  discussed  models.  First, 
none  of  the  models,  theoretical  or  implemented,  can  detect  a  1  Hz  change  in 
frequency.  This  is  because  all  the  tuning  curves  presented  are  fairly  broad, 
even  though  they  are  referred  to  as  “high  Q.”  The  other  problem  is  the 
complexity  of  the  feedback  required  to  tune  the  various  sections.  The 
suggested  dampening  of  the  BM  by  complex  AC  signals  is  difficult  to 
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implement,  and  possibly  an  inaccurate  representation  of  the  actual  workings 
of  the  cochlea. 

To  achieve  truly  “high  Q”  resonators,  a  different  technology  must  be 
used.  The  next  section  reviews  a  new  technology  that  is  perfect  for  the  job, 
Micro-Electro-Mechanical  Systems  (MEMS). 

2.2  MEMS  Design 


Figure  2-15  -  Size  of  MEMS  devices.  Left  -  A  size  comparison  of  a  real  ant 
holding  a  miniature  gear.  Right  -  More  miniature  gears  [30]. 


2.2.1  Introduction  to  MEMS 

Miniaturization  is  the  wave  of  the  future.  The  semiconductor 
industry,  and  their  customers,  have  been  chanting  “Smaller,  faster,  cheaper” 
for  the  past  three  decades.  Now,  the  technology  exists  to  design  and 
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construct  microscopic  mechanical  devices  using  similar  technologies. 

Micro-Electro-Mechanical  Systems  (MEMS),  are  miniature  electro¬ 
mechanical  devices,  that  are  typically  actuated  by  electrostatic  or  current 
means.  MEMS  can  be  used  to  construct  simple  mechanical  structures,  like 
the  gears  in  Figure  2-15,  or  more  complex  electromechanical  devices.  Of 
these  electromechanical  devices,  cantilevers  and  bridges  are  the  most  likely 
candidates  for  the  numerous  controlled  resonance  circuits  required  to 
emulate  a  complex  wave  on  the  BM.  Similar  in  function  to  sections  of  the 
BM,  these  structures  vibrate  when  signals  are  applied.  Design  of  these 
structures  implemented  in  MEMS  has  been  studied  in-depth  [3,  32-47]. 
Microphones  can  also  be  implemented  using  MEMS,  and  their  use  has  also 
been  the  subject  of  much  research  [40,48-52].  Other  devices  that  may  be 
used  to  act  as  resonators,  or  assist  in  the  development  of  an  artificial 
cochlea,  include  mirrors  [3],  thermal  devices  [53-59],  voltage  referencing 
devices  [59],  and  microswitches  [60]. 
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2.2.2  MEMS  Overview 


Figure  2-16  -  Examples  of  MEMS  Devices:  Pop-up  Fresnel  lenses  are  just 
one  example  of  the  utility  of  MEMS  [3 ]. 


MEMS  can  be  used  to  implement  a  variety  of  miniature  mechanical 
and  electromechanical  devices  at  the  microscopic  level.  Actuators,  lenses, 
resonators,  steerable  mirrors,  and  many  other  devices  can  be  implemented. 
Figures  2-16  and  2-17  illustrate  the  utility  of  MEMS. 


Figure  2-1 7  -  Locking  pop-up  hinged  structures  allow  operation  of  devices 
perpendicular  to  a  die  [3 ]. 
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MEMS  design  can  be  implemented  in  MAGIC,  Cadence  (Figure  2- 
1 8),  and  many  other  Computer  Aided  Design  tools.  The  output  from  these 
tools  is  a  CalTech  Intermediate  File  (CIF),  which  is  sent  to  the  fabrication 
facility. 
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Figure  2-18  -  Design  of  MEMS  using  Cadence  [3]. 


2.2.3  MEMS  Fabrication 

This  section  presents  the  options  available  for  implementing  MEMS 
devices.  The  capabilities  and  limitations  of  the  two  leading  general  purpose 
MEMS  foundries  are  discussed,  followed  by  a  presentation  of  the  process 
used  for  the  devices  implemented  for  this  thesis. 
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2. 2. 3.1  MEMS  Fabrication  Overview 


Figure  2-19  -  Cantilevers  and  other  MEMS  devices.  The  devices  on  the 
left  were  fabricated  using  the  MOSIS process.  The  devices  on  the  right 
were  fabricated  using  the  MUMPs  process  [61 ]. 


Two  of  the  commercial  foundry  alternatives  for  MEMS 
implementation  are  the  Multi-User  MEMS  Processes  (MUMPs)  [6,62]  and 
the  Metal  Oxide  Semiconductor  Implementation  Service  (MOSIS)  [41,63- 
64].  Using  the  MUMPs  process  enables  the  designer  to  create  highly 
complex  mechanical  structures,  but  this  process  is  not  adequate  for  on-chip 
electronic  circuit  design.  On  the  other  hand,  MOSIS  is  excellent  for  circuit 
design,  but  limited  in  MEMS  design.  Figure  2-19  shows  products  of  these 
two  processes.  SmartMUMPs  is  a  new  process  that  combines  features  of 
both  [6]. 
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2.23.2  Introduction  to  SmartMUMPs 


The  MCNC  Multi-User  MEMS  Processes  (MUMPs),  supported  by 
the  Advanced  Research  Projects  Agency  (ARP A),  is  a  low  cost  fabrication 
program  for  use  by  industry,  government,  and  academia.  MUMPs  is 
excellent  for  the  construction  of  MEMS  devices,  but  is  very  limited  in 
circuit  design.  MCNC’s  SmartMUMPs  [6]  is  a  new  process,  which 
combines  MEMS  with  the  electronics  to  drive  and  sense  these  devices. 

Another  alternative  for  the  production  of  MEMS  is  the  MOSIS 
process.  While  MOSIS  is  an  excellent  facility  for  producing  CMOS  VLSI 
designs,  it  is  lacking  in  MEMS  design. 

Figure  2-20  shows  examples  of  MEMS  devices  fabricated  using 
MOSIS.  Notice  the  curling  of  the  beams.  This  is  caused  by  residual  stress 
in  the  released  layers.  Also,  since  there  are  only  two  polysilicon  layers, 
three  dimensional  design  is  limited.  MUMPs,  however,  with  three 
polysilicon  layers,  allows  for  three  dimensional  design.  It  is  however,  not 
suited  for  CMOS  design.  The  major  reasons  for  this  are: 

•  Highly  doped  substrate,  making  it  conductive 

•  Uniformly  doped  substrate  (no  n  or  p-wells) 
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•  Polysilicon,  as  deposited,  has  high  residual  stress,  and  must  be  annealed 
at  temperatures  greater  than  1000°C  after  deposition.  This  is 
incompatible  with  CMOS,  which  requires  temperatures  less  than  400°C. 


Figure  2-20  -  MEMS  designs  using  the  MOSIS process.  The  beams  (left) 
show  the  effects  of  residual  stress  in  the  poly  silicon  [6]. 


Since  these  processes  are  limited,  designers  were  forced  to  use  both. 
MUMPs  for  the  MEMS  devices,  and  MOSIS  for  the  associated  sense 
circuits.  To  help  alleviate  this,  MCNC  has  introduced  SmartMUMPs, 
which  combines  MEMS  designs  with  a  standard  set  of  CMOS  devices  to 
drive  and  sense  the  MEMS.  Since  SmartMUMPs  is  an  addition  to  MUMPs, 
the  MUMPs  process  will  be  introduced  first. 
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2.2.33  The  MUMPs  Process 


The  MUMPs  process  is  a  three-layer  polysilicon  surface 
micromachining  process  that  has  a  total  of  seven  layers  over  a  substrate 
(Figure  2-21)  [6].  The  substrate  is  an  n-type  (100)  silicon  wafer  heavily 
doped  with  phosphorous  to  reduce/prevent  feed-through  from  electrostatic 
devices  on  the  surface. 

First  a  thin  nitride  layer  is  deposited  over  the  substrate  to  provide 
electrical  isolation.  Then  the  first  polysilicon  layer,  PolyO,  is  deposited  and 
patterned.  A  phosphosilicate  glass  (PSG)  is  then  deposited.  This  is  called 
the  “first  oxide,”  and  is  one  of  the  sacrificial  layers  that  can  be  etched  away. 
On  top  of  this  oxide,  the  next  layer  of  polysilicon,  Polyl,  is  deposited. 
Another  layer  of  PSG  follows,  the  “second  oxide”,  along  with  one  more 
layer  of  polysilicon,  Poly2.  The  last  layer  deposited  is  the  metal,  usually 
gold.  Table  2-1  shows  the  nominal  thickness  of  each  layer,  and  the 
associated  masks. 

After  the  last  two  layers  of  polysilicon  are  deposited,  but  before  metal 
is  deposited,  the  wafer  is  annealed  at  temperatures  exceeding  1 000°C  for 
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Nitride  PolyO  1st  Oxide  Polyl  2nd  Oxide  Poly  2  Metal 


Figure  2-21  -  Cross-sectional  view  of  the  seven  layers  of  the  MUMP s 
process.  Various  electro-mechanical  devices  can  be  implemented  by 
patterning  these  seven  layers  [6].  (Drawing  not  to  scale) 


Table  2-1  -  Layers  of  the  MUMPs  Process  [6J. 


Material  Layer 

Thickness 

(microns) 

Lithography  Level  Name 

Nitride 

0.6 

N/A 

Poly  0 

0.5 

POLYO  (HOLEO) 

First  Oxide 

2.0 

ANCHORl 

Poly  1 

2.0 

POLYl  (HOLEl) 

Second  Oxide 

0.75 

POLYl_POLY2_VIA 

ANCHOR2 

Poly  2 

1.5 

POLY2  (HOLE2) 

Metal 

0.5 

METAL  (HOLEM) 

one  hour.  This  effectively  dopes  the  polysilicon  from  surrounding  PSG, 
and  reduces  residual  stress. 
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After  the  metal  layer  is  deposited,  a  coating  of  photoresist  is  applied 
to  protect  the  die  during  dicing  and  shipment.  The  die  is  released  by 
immersing  it  in  a  49%  by  weight  hydrofluoric  acid  (HF)  solution.  Normally 
this  is  done  by  the  participants  in  their  own  facilities,  but  can  also  be  done 
by  MCNC  for  a  fee. 


2.2.3.3.1  Flip  Chip  Technology 


The  idea  behind  SmartMUMPs  is  to  combine  the  MEMS  devices  with 


some  ability  to  sense  and  drive  them.  The  VLSI  chip,  known  as  the  Ecosys 
chip,  is  soldered  directly  onto  the  MEMS  chip  using  a  fluxless  soldering 


technique  called  Plasma  Assisted  Dry  Soldering  (PADS).  The  MEMS  chip 


Ecosys  die 
mounted  directly 
on  MEMS  die 


Ln-n-nnn 

■r/  W  W  W  W 


Figure  2-22  -  SmartMUMPs  packaging.  The  VLSI  electronics  chip  (Ecosys 
chip)  is  soldered  directly  onto  the  MEMS  chip,  which  is  then  wire  bonded  to 
a  standard  package  [6J. 
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Figure  2-23  -  Photograph  of  combined  MEMS  and  ECOSYS  chip  before 
wire  bonding  to  a  standard  package  [6],  The  ECOSYS  chip  is  centered  on 
the  MEMS  chip.  The  area  of  the  MEMS  chip  underneath  the  Ecosys  chip  is 
available  to  place  MEMS  devices,  but  these  devices  can  not  be  probed. 
There  is  typically  a  60  pm  gap  between  chips,  which  is  enough  clearance 
for  most  pop  up  devices,  but  any  pop-up  devices  placed  here  would  require 
activation  outside  the  perimeter  of  the  Ecosys  chip. 


is  then  wire  bonded  to  a  standard  package.  This  process,  illustrated  in 
Figure  2-22,  minimizes  the  capacitive  and  inductive  losses  between  the 
MEMS  and  electronic  devices.  Thus,  the  performance  of  the  combined 
chips  is  greatly  enhanced,  and  the  size  of  the  overall  system  reduced. 
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Figure  2-23  depicts  the  actual  combined  chip  before  wire  bonding.  Notice 
that  a  large  amount  of  space  is  “wasted”  on  the  MEMS  with  wiring  from  the 
Ecosys  chip  to  the  outside  pad  frame. 

2.2.3.3.2  The  Electromechanical  Control  System  ASIC  (Ecosys) 

The  Ecosys  chip  puts  the  Smart  into  SmartMUMPs.  It  consists  of 
seven  distinct  circuits  determined  by  the  MEMS  community  to  be  of 
primary  importance.  They  are: 

•  Buffer  Amplifier  with  Driven  Shield  (BAWDS)  is  a  sensor  that  avoids 
the  potentially  overwhelming  effects  of  capacitance  to  substrate  by 
measuring  the  response  of  a  capacitive  divider  to  a  voltage  pulse,  unity 
buffering  the  output  of  the  divider  and  driving  a  shield  (see  Figure  2-24). 

•  Transimpedance  Amplifier  (TZA)  Measures  displacement  current  by 
exciting  the  circuit  under  test  with  a  sinusoidal  signal.  The  resultant 
output  is  Amplitude  Modulated  and  sent  off  chip.  The  user  must 
demodulate  the  signal.  Can  be  used  to  measure  capacitive  changes  in  the 
femto  Farad  range  (see  Figure  2-25). 
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;  wtoabotil  pad  on  MUMPS  chip 


:  solder  bun\p  connection 


Figure  2-24  -  Buffer  Amplifier  with  Driven  Shield  (BAWDS)  [6], 


I  I  :  wJiehoiKi  pad  on  MUMPS  chip  solder  bump  connection 

Figure  2-25  -  Transimpedance  Amplifier  (TZA)  [6], 
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svlieband  pad  m  MIINIPS  chip 


O 


:  solder  bump  connection 


Figure  2-26  -  Correlated  Double-Sampling  Integrator  (CDSInt)  [6], 


•  Correlated  Double-Sampling  Integrator  (CDSInt)  A  capacitive  sense 
circuit  that  employs  a  sample  and  hold  to  cancel  the  offset  voltage  during 
the  sense  phase  of  the  circuit.  Can  be  used  to  sense  capacitances  in  the 
range  0.25pF  to  0.75pF  (see  Figure  2-26). 

•  Differential  Correlated  Double-Sampling  Integrator  (DCDSInt) 

Performs  the  same  sensing  function  as  the  CDSInt,  but  has  differential 
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input  and  output,  further  reducing  the  susceptibility  to  noise  and  stray 
capacitances  (see  Figure  2-27). 


MUMPS  die 


MEMS 

devke 


Pulee 

Gen. 


I  I  :  wlrabond  pad  on  MUMPS  chip  :  solder  bump  connection 


Figure  2-27  -  Differential  Correlated  Double-Sampling  Integrator  (DCDSInt)  [6]. 
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•  Current  Reference  (IRef)  Used  to  mirror  external  currents  to  the  other 
circuit. 

•  Clock  Generator  (ClockGen)  Uses  an  external  clock,  extclk,  to  derive 
clocks  for  the  CDS  integrators,  pulse  generators,  and  Sample  and  Hold 
circuits. 

•  Pulse  Generator  (PGen)  Creates  +/-  pulses  from  a  digital  clock 
provided  by  the  Clock  Generator.  The  high  level  voltage  is  set  by  the 
vrefpulse  input.  The  amplitude  is  set  by  the  ibiaspulse  input. 

These  circuits  are  connected  to  the  Ecosys  pins  shown  in  Table  2-2.  The 
pin  locations  are  predetermined  and  must  be  routed  to  the  outer  padframe  by 
the  designer. 

2.2.3.3.3  SmartMUMPs  Summary 

The  SmartMUMPs  process  is  designed  for  prototyping  and  testing 
MEMS.  It  has  the  advantages  of  reducing  noise  and  loss  in  a  design, 
eliminating  the  need  to  wire  bond  the  sense  circuits,  and  using  tested  sense 
and  drive  circuits.  Its  usefulness  is  limited  though,  by  the  number  of  I/O 
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Table  2-2  -  Pin  Out  of  the  SmartMUMPs  Chip  [6J. 


Pm# 

1  Name 

ASIC  Connection 

Desciqitiim 

1 

iexrdcds 

external  input 

i  external  differential  CDS  bias  resistor 

2 

idcdsoutl 

external  output 

iDCDSInt  output  1 

3 

idcdsout2 

external  output 

iDCDSInt  output  2 

4 

icseiise2 

input  from  MEMS 

:Diff.  capacitor  2  to  DCDSInt 

5 

iosensel 

input  from  MEMS 

iDiff.  capacitor  1  to  DCDSInt 

6 

ivpulsel 

output  to  MEMS 

iMEMS  stimulus  pulse  ttl 

7 

ivpulselb 

output  to  MEMS 

iMEMS  stimulus  pulse  bar  #1 

8 

iexfsnli 

external  input 

1  external  sample  and  hold  bias  resistor 

9 

ivdd 

external  power 

I  digital  (noisy)  supply  (+5V) 

10 

Ignd 

external  power 

i  digital  (noisy)  ground 

11 

ivdda 

external  power 

{analog  (quiet)  supply  (+5V) 

12 

lextdk 

external  input 

I  external  dock  input 

13 

|TBD 

external 

1  potential  ASIC  connection 

14 

iexrbav/ds 

external  input 

i  external  BAWDS  bias  resistor 

IS 

ibawdsin 

input  from  MEMS 

ibuffer  amplifier  with  driven  shield  input 

16 

1  shield 

output  to  MEMS 

1  shield  driver  output 

17 

jVpiilseS 

output  to  MEMS 

jMEMS  stimulus  pulse #3 

18 

ivpulse3b 

output  to  MElvIS 

iMEMS  stimulus  pulse  bar  #3 

19 

jhav/dsout 

external  output 

Ibuffer  amplifier  with  driven  shield  output 

20 

ivrefmsnh 

external  input 

voltage  input  reference  for  single  sided  CDS  SjH 

21 

Igada 

external  power 

analog  (quiet)  ground 

22 

jvbias 

external  input 

i  multi-  usevoltagebias 

23 

lexrtsa 

external  input 

1  external  TZ A  bias  resistor 

24 

itaainl 

input  from  MEMS 

ITZA  displacement  current  sense  input! 

25 

It2ain2 

input  from  MEMS 

i'lZA*  displacement  current  sense input2 

26 

itEaout2 

external  output 

|TZA  displacement  current  sense  output2 

27 

jtzaoutl 

external  output 

iTZA  displacement  current  sense  output! 

28 

irfbias 

external  input 

IIZA  feedback  resistor  (FED)  bias  Voltage 

29 

iibiaspidse 

external  input 

Ipulse Gens,  bias  current 

30 

lexrcds 

external  input 

1  external  single  sided  CDS  bias  resistor 

31 

ivdda 

external  power 

I  analog  (quiet)  supply  (+5V) 

32 

ivtefpulse 

external  input 

ivoltage reference  for  pulse  Gens. 

33 

icdE0iJt2 

external  output 

i  single  sided  CDS  output  signal  2  (diff.  out) 

34 

jcdsautl 

external  output 

1  sin^e  sided  CDS  output  signal !  (diff. out) 

35 

jcsense 

input  from  MEMS 

I  sense  capacitor  to  single  sided  CDS 

36 

ivpulse2b 

output  to  MEMS 

IMEMS  stimulus  pulse  bar  #2 

37 

ivpulse2 

output  to  MEMS 

iMEh4S  stimulus  pulse  #3 

38 

Ivrefsnh 

external  input 

1  sample  and  hold  voltage  reference 

39 

ivrefcds 

external  input 

I  sin^e  sided  CDS  voltage  reference 

40 

isada 

external  power 
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pins.  Since  there  are  only  five  actual  sense/drive  circuits,  only  a  few 
MEMS  devices  can  be  connected. 

2.2.4  MEMS  Summary 

MEMS  could  well  be  the  next  technology  breakthrough.  Their  utility 
is  just  beginning  to  be  realized.  The  MUMPs  process  currently  being  used, 
including  the  VLSI  augmentation  SmartMUMPs  provides,  will  be  further 
refined  to  increase  the  utility  of  these  tiny  devices. 

Devices  of  this  new  technology  are  ideally  suited  for  use  in  artificial 
cochlea  design.  One  of  the  major  limiting  factors  of  previously 
implemented  cochlear  models  is  the  electronic  devices  they  used.  These 
electronic  devices  were  unable  to  achieve  the  high  Q  required  to  accurately 
model  the  cochlea.  MEMS  resonators,  as  described  in  the  next  chapter,  are 
extremely  high  Q  devices.  This  enables  them  to  be  precisely  tuned  with 
large  gain  at  the  specific  frequency  they  are  designed  for. 
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Chapter  3 


3.  Theoretical  Development 

This  Chapter  develops  in  detail  the  mathematical  basis  behind  all 
design  decisions  in  the  following  chapters.  The  equations  developed  here 
will  be  compared  later  with  the  actual  values  of  the  experimental  data, 
shown  in  Chapter  4. 

3.1  Cantilever  and  Bridge  Design 

For  the  purposes  of  this  thesis,  we  will  need  a  series  of  devices  that 
will  resonate  at  specific  frequencies  within  the  perceptual  frequency  range 
of  the  human  auditory  system  (approximately  20  Hz  to  20  KHz).  Cantilever 


Cantilever  Bridge 


Figure  3-1  -  Cantilever  and  Bridge.  The  cantilever  (left)  has  a  free  arm,  while  the 
bridge(right)  is  clamped  on  both  ends. 
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and  bridge  like  structures  (Figure  3-1),  at  first,  appear  to  be  the  natural 
choice  for  these  devices.  Simple  to  construct,  and  easy  to  understand,  these 
devices  resonate  at  predetermined  frequencies  with  predictable  quality 
factor  Q. 

3.1.1  Calculating  Cantilever/Bridge  Resonance 

Kuhns  [42]  and  Read  [25]  spend  a  considerable  effort  discussing  the 
derivation  of  the  formula’s  for  determining  resonance  of  beams.  Resonance 

of  mechanical  springs  is  determined  using: 


where  k  is  the  spring  constant,  and  M  is  the  suspended  mass. 

For  simple  cantilevers  and  bridges  implemented  in  MEMS,  the 
resonant  frequency  can  be  determined  using  [38,40]: 


/  = 


A]  -t 


(3-2) 


where  E  ^  P  ^  I  ^  t  are  Young's  modulus,  density,  length,  and  thickness  of 
the  beam,  respectively.  A,;  is  the  eigenvalue,  where  i  is  the  integer 
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representing  the  resonance  node  number  [38].  For  cantilevers  = 

1.875104  [65],  and  for  bridges  A.}  =4.730041  [65]. 

For  the  poly  silicon  in  the  MUMPs  process,  E  is  approximately  162  GPa 
[44,66]  and  kg/m^  [67]. 

3.1.2  Calculating  Cantilever/Bridge  Q 

The  quality  factor,  or  Q,  is  a  measure  of  bandwidth.  The  higher  the  Q 
factor  the  greater  the  gain  at  a  particular 


Figure  3-2  -  Comparison  of  Different  Q’s.  Measured  from  the  half-power  points  (0.707 
X  peak),  the  Q  of  a  circuit  is  a  measure  of  bandwidth.  Here,  the  amplitude  of  response  is 
much  greater  for  the  higher  Q  circuit  compared  with  the  lower  Q  circuit  [10]. 

frequency,  but  also  the  smaller  the  bandwidth  (Figure  3-2).  Measured  from 
the  half  power  points  of  a  frequency  plot,  the  formula  for  Q  is 
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(3-3) 


Q  = 


A_ 

Af„ 


For  the  simple  beams,  the  formula  is  [38]: 

t 

^  24-//  ’/ 


(3-4) 


where  b  is  the  width  of  the  beam,  jx  is  the  surrounding  medium  viscosity 
(1.8  X  10'^  N  s/m^  in  air),  p  is  the  density,  t  is  the  thickness,  and  /  is  the 
length  of  the  cantilever. 

Notice  that  the  width  of  the  cantilever,  b,  is  only  a  factor  in 
determining  Q,  not  the  resonant  frequency.  So  to  increase  the  quality  factor 
of  a  cantilever,  while  maintaining  the  same  resonance  frequency,  increase 
the  width  of  the  beam. 


3.1.3  Calculating  Capacitance 

Increasing  the  width  of  the  beam  also  increases  the  capacitance 
between  the  plates.  This  is  useful  for  a  capacitive  sense  circuit. 

The  capacitance  can  be  determined  from  basic  physics  as: 
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C  =  K - - - Farads 

A-n-k-d 


(3-5) 


where  the  constant  k  =  9x10^; 

the  dielectric  constant  K=1  in  a  vacuum  (1.0006  in  air); 
d  is  the  separation  between  plates; 
and  A  is  the  area  of  the  plates. 

MEMS  devices  generally  must  be  operated  in  a  vacuum  due  to  the 
damping  caused  by  air.  As  vacuum  is  increased  the  viscosity  of  the  medium 
approaches  zero  (perfect  vacuum),  and  the  Q  approaches  infinity.  Only 
frictional  losses  in  the  material  limit  the  Q  in  a  perfect  vacuum. 

3.1.4  Shifting  Q  and  Resonant  Frequency 

By  applying  a  DC  bias  to  a  resonating  MEMS  device  it  is  possible  to 
shift  its  Q  and  resonant  frequency.  This  is  a  result  of  the  increased  stress 
induced  on  the  device.  However,  when  the  amplitude  of  the  resonance 
becomes  large  enough,  the  higher  order  terms  become  appreciable,  and  the 
resonator  exhibits  a  non-linear  response.  This  is  mainly  due  to  the  addition 
of  the  third-order  spring  constant,  which  becomes  significant  when  the 
resonating  amplitude  becomes  sufficiently  large  [68]. 
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The  force  relationship  becomes  [68]: 


F^kx±\Y\-x^  (3-6) 

Where  k  is  the  second  order  spring  constant,  and  y  is  the  third  order  spring 
constant. 

The  response  equation  of  the  resonant  system  then  becomes  [68] 

mx  +  ^x  +  kx±')or' =b-cos{o)t)  (3-7) 


Figure  3-3  -  Nonlinearity  of  devices  defined  by  the  Duffing  equation.  The  natural 
resonance  (a)  occurs  when  third  order  spring  constant  (y)  is  negligible.  When  the 
resonating  amplitude  of  a  device  becomes  large  enough  that  y  becomes  appreciable  the 
resonator  exhibits  a  non-linear  response.  The  device  will  then  demonstrate  a  hysteresis 
response  to  input  signals  [ 68 ]. 

where: 

jc  is  the  second  derivative  of  displacement,  x,  with  respect  to  time; 

X  is  the  first  derivative  of  displacement,  x,  with  respect  to  time; 
m  is  the  resonating  mass; 
f  is  the  damping  coefficient; 
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b  is  the  amplitude  of  the  applied  resonant  force. 

This  is  known  as  the  Duffing  equation  [68].  The  effect  is  illustrated  in 


Figure  3-3  and  Figure  3-4. 


Figure  3-4  -  Effect  of  DC  voltage  on  resonant  waveforms.  Left,  device  under  test  is  a 
tunable  Single  Crystal  Silicon  (SCS)  resonator  with  DC  tuning  voltage  fixed  at  5  V,  and 
the  sinusoidal  excitation  voltage  varying  from  (a)  1.5V  (b)  2.0V  (c)  3.0V  peak  to  peak. 
Right,  tunable  resonator  with  a  sinusoidal  input  voltage  fixed  at  1.5  V peak  to  peak,  and 
DC  tuning  voltage  varying  from  (d)  lOV  (e)  20  V  (f)  30V  DC  [68]. 
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3.1.5  Driving  and  Sensing  Cantilevers 


While  cantilevers  and  bridges  are  easy  to  design,  they  are  difficult  to 
operate.  Since  the  electrostatic  force  is  nonlinear  the  drive  voltage  must  be 
kept  small.  For  vibrational  amplitudes  greater  than  1/3  of  the  gap  the  device 
will  “slam  down”  [66].  That  is,  once  a  suspended  beam  has  touched  the 
layer  it  was  suspended  above,  van  der  Waals  forces  keep  it  down.  This  is 
called  “stickage.” 

To  determine  drive  voltage  versus  deflection  for  cantilevers  use  [44] 


V  =  (z,-df). 


%kd^ 
_ / 

lls^Lb 


(3-8) 


where: 

Sq  is  the  free  space  dielectric  constant  (8.854  x  10’’^); 

Zq  is  the  resting  position  of  the  beam  (distance  above  the  substrate); 
df  is  the  beam  deflection; 

L,  b,  k  are  the  length,  width,  and  spring  constant  of  the  beam. 
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3.2  Interdigitated  Finger  (Comb)  Resonator  Design 


Drive  Comb  Ground  Folded  Ground  Sense 

contact  pad  drive  plane  beam  Anchors  contact  pad  contact  pad 


Shuttle 


Figure  3-5  -  Comb  drive  layout.  The  schematic  diagram  of  a  comb  (left)  illustrates  the 
layout  of  a  comb  [69],  Symmetric  in  design,  the  drive  and  sense  pads  can  be  reversed 
without  affecting  operation.  The  center  structure,  or  shuttle,  is  suspended  above  the 
substrate  by  two  folded  beam  springs  anchored  at  two  points.  When  driven  at  the 
resonance  frequency,  the  shuttle  will  swing  back  and  forth  in  the  x  direction.  Resonance 
can  be  detected  by  comparing  the  drive  and  sense  signals,  noting  a  change  in  phase  and 
amplitude  at  the  resonance  frequency.  Actual  picture  of  a  comb  (right),  shows  gold  pads 
and  shadows  under  suspended  springs.  This  device  is  stuck  down,  which  can  be  observed 
by  noting  the  area  where  the  fingers  overlap,  and  recognizing  the  difference  in  depth. 

The  stationary  sense  and  drive  fingers  should  be  at  the  same  level  as  the  fingers  on  the 
shuttle. 


Comb  resonator  designs,  as  shown  in  Figure  3-5,  are  different  from 
cantilever  and  bridge  designs  in  that  combs  are  actuated  parallel  to  the 
substrate  plane.  This  has  certain  advantages  over  orthogonal  actuation. 

First  of  all,  the  gap  between  the  fingers  is  held  relatively  constant,  with  less 
chance  of  the  device  being  stuck.  A  DC  bias  can  also  aid  in  keeping  the 
device  from  sticking  down  to  the  substrate  by  minimizing  the  vertical 
oscillations.  The  1/3  distance  rule  therefore  does  not  apply,  and  the  devices 
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can  be  operated  with  greater  drive.  This,  in  turn,  provides  a  larger  sense 
signal,  making  these  devices  easier  to  sense  and  drive.  Another  major 
advantage  has  to  do  with  damping.  In  the  presence  of  air,  vertically 
actuated  devices  such  as  cantilevers,  bridges,  and  mirrors,  are  limited  by 
squeeze-film  damping  [69].  That  is,  air  is  sandwiched  between  the  structure 
and  substrate,  applying  a  force  opposite  to  the  actuating  force.  This  is  the 
reason  these  devices  are  operated  in  a  vacuum.  However,  with  horizontally 
actuated  devices,  squeeze-film  damping  is  not  a  concern.  Air  below  the 
device  acts  as  a  cushion  that  the  structure  glides  over.  There  is  still  friction 
in  the  form  of  drag,  but  is  much  less  inhibiting.  This  underlying  air  flow  is 
termed  Couette  flow  [69].  Since  these  devices  have  much  less  damping, 
they  can  operate  in  air.  However,  the  Q  is  greatly  reduced,  on  the  order  of 
100  depending  on  beam  length.  On  the  other  hand,  Qs  of  50,000  have  been 
achieved  in  good  vacuum  [69]. 

The  downside  of  combs  is  the  size  and  complexity  of  their  design. 
These  devices  are  usually  much  larger  than  beam,  bridge,  and  mirror 
structures.  Calculating  their  resonance  is  also  more  involved. 
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3.2.1  Calculating  Comb  Resonance 


The  dissertation  by  Tang  [69]  explored  in  detail  the  mathematical 
basis  for  resonance  in  a  comb.  This  section  is  a  summary  of  his  work. 


As  with  other  mechanical  spring  devices,  to  calculate  the  resonance  it 
is  first  necessary  to  determine  the  spring  constant,  k,  and  the  mass,  M  of  the 
device.  To  move  the  shuttle  some  distance,  X^,  a  force  in  the  x  direction,  F,^, 
must  be  applied.  As  shown  in  Figure  3-6,  each  of  the  beams  supporting  the 
shuttle  has  length  L,  width  w,  and  thickness  h.  Assuming  the  outer  truss  is 
rigid,  justified  by  its  wider  design,  the  slopes  of  both  ends  of  the  beams  are 
set  to  zero  as  part  of  the  boundary  conditions.  The  force  acts  on  each  beam 
equally,  such  that  the  force  on  each  beam  is  F^M.  The  deflection  equation 
for  the  segment  AB  can  be  given  as  [69] : 


x(y)  = 


4(12£/A 


(3Ly^ -2y^)  for  0  ^  y  ^  L 


(3-9) 


where  E  is  Young’s  modulus,  and  is  the  cross  sectional  moment  of  inertia 
for  the  beam  with  respect  to  the  z  axis  (perpendicular  to  the  substrate). 

Since  the  segment  has  a  zero  slope  on  either  end  it  cannot  be  treated  as  a 


3-11 


jro/2 


F^IA 


Beim  width  s  w 
Beam  thickness  =  h 
Beam  lengths  I 


Anchor 


^0^ 

Figure  3-6  -  Mode  shape  of  folded  beam  support  and  segment.  Diagram  illustrates  the 
mode  shape  (bending)  of  the  folded  beam  springs  that  support  the  shuttle  when  it  is 
displaced  a  distance  Xq  under  a  force  Fx  [69], 


simple  cantilever  beam,  but  since  it  is  know  that  it  is  deflected  by  X^2  at 
point  B,  a  boundary  condition  of  x(L)  =  Xo/2  can  be  used  so  that: 


which  leads  to 


4{UEf) 


(31/ -2/), 


F  F 
24Ef 


(3-10) 
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The  spring  constant  in  the  x  direction  for  a  single  beam  is  then: 


F,  _  24EI^ 


Xo 


(3-11) 


In  the  same  way,  the  spring  constant  for  a  single  beam  in  the  z  direction  is 
derived  as: 


(3-12) 


The  moments  of  inertia  for  each  beam  in  the  x  and  z  directions  are 
calculated  by: 


h^w 

I2 


and  /,  = 


hw^ 

I2 


Motion  in  the  y  direction  can  generally  be  ignored  since: 


,  AE 

where  A  is  the  beam’s  cross-sectional  area 


(3-13) 


(3-14) 


and  the  ratio  of  the  spring  constants  in  the  y  and  x  direction  yields: 

8^^  _  %AE/L  _AwhL^ 

”  24£:7^  /  ~  w^h  ~ 
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With  a  typical  beam  length  of  200  microns  and  width  of  2  microns,  this 
ratio  is  40,000,  so  movement  in  this  direction  can  be  ignored. 

Tang  also  showed  that  by  adding  sections  of  folded  beams,  the  spring 
constant  could  be  reduced  by  k/n,  where  n  is  the  number  of  4  parallel 
beams. 

To  calculate  mass  Tang  used  Rayleigh’s  energy  method,  where  the 
maximum  kinetic  energy  is  equal  to  the  maximum  potential  energy.  He 
calculated  the  total  effective  mass  for  a  2  truss  8  beam  folded  spring  comb 
to  be: 


(3-16) 

where  Mp,  Mj,  and  Mj,  are  the  mass  of  the  plate,  trusses,  and  beams 
respectively. 

Using  the  spring  constant  in  the  x  direction,  and  the  effective  mass, 
the  resonant  frequency  can  be  calculated  as: 


(3-17) 
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There  will  also  be  a  resonant  frequency  in  the  vertical  direction, 
which  is  generally  unwanted.  In  air  its  amplitude  is  relatively  small  due  to 
squeeze-film  damping,  but  in  a  vacuum  it  could  be  significant.  To 
minimize  this  resonance,  a  DC  bias  is  placed  across  the  drive  and  ground 
pads. 

3.2.2  Calculating  Comb  Q 

When  in  air,  energy  dissipation  through  Couette  flow  dominates  the 
energy  lost  through  drag  on  the  top  surface  [69].  Considering  Couette  flow 
only  will  give  an  upper  bound  on  the  Q  estimated  by  [69] ; 

(3-18) 

r^p 

where  p  is  the  viscosity  of  air,  Ap  is  the  area  of  the  plate,  and  d  is  the 
distance  above  the  substrate. 

In  a  vacuum,  most  of  the  energy  is  lost  through  the  anchors  or  in  the 
structure  itself  Therefore  the  Q  will  be  very  high. 

3.2.3  Driving  and  Sensing  Comb  Resonators 

The  easiest  way  to  test  these  devices  is  to  apply  a  signal  source  to  the 


3-15 


drive  pad,  and  a  DC  source  across  the  drive  and  ground  pads,  sweep  the 
frequency  of  the  source  in  the  vicinity  of  the  expected  resonance,  and 
observe  through  a  microscope  for  movement.  This  is  how  MCNC 
determines  the  resonance  of  the  comb  test  devices  it  places  on  each  run 
[70].  They  use  50  V  DC  bias  and  16  V  peak  to  peak  signal  sources  for 
visual  observation  in  air.  This  setup  was  derived  from  Tang  [69].  In  his 
dissertation  he  calls  for  DC  biases  up  to  40  V  and  drive  of  1 0  V  peak  for 
visual  observation  in  air  of  the  comb  devices  he  designed. 

Electrical  sensing  of  resonance  is  much  more  accurate  than  visual 
observation.  Tang  also  discusses  electrical  detection  using  the  test  setups  in 
Figure  3-7.  Without  DC  bias,  the  AC  drive  signal  will  go  positive  and 
negative  with  respect  to  ground.  The  comb  reacts  to  both  peaks,  thereby  a 
frequency  doubling  effect  is  observed.  The  drive  signal  frequency  must  be 
half  of  the  comb  resonance  frequency  to  drive  the  comb. 
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Resonant  frequency  =  coj 


Spectrum  Analyzer 


Resonant  frequency  =  2toj 


Figure  3-7  -  Comb  resonance  test  setups.  The  top  setup  uses  a  carrier,  modulated  by 
the  time-varying  sense  capacitance  to  drive  the  comb.  The  bottom  setup  applies  the  drive 
signal  directly  to  the  drive  pad,  without  DC  bias.  In  this  case  the  drive  signal  frequency 
is  half  of  the  resonant  frequency  due  to  the  frequency  doubling  effect  [69], 
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3.3  Mirror/Actuator  Resonator  Designs 


Common 


Common 


Figure  3-8  -  Photograph  of  an  addressable  mirror  array.  The  mirrors  are  operated  by 
placing  one  probe  on  the  common,  and  selecting  the  individual  mirrors  by  placing  the 
other  probe  on  any  one  of  the  mirror  drive  pads.  Each  mirror  has  a  PolyO  bottom  plate 
and  an  80  by  80  micron  Poly  2  top  plate  supported  by  four  130  by  2  micron  flexures. 
Note  the  damage  on  some  of  the  pads  caused  by  probe  placement. 


Mirrors  and  vertical  actuators  can  also  serve  as  resonators.  A  mirror 
is  a  preferably  flat  structure  suspended  by  two  or  more  beams,  called 
flexures,  and  has  a  reflective  surface.  A  vertical  actuator  has  the  same 
definition,  with  the  exception  that  its  surface  need  not  be  reflective.  Both 
are  basically  mass  held  above  the  substrate  with  springs.  These  devices  are 
normally  used  in  arrays  of  like  devices,  as  shown  in  Figure  3-8. 
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3.3.1  Calculating  Mirror  Resonance 


As  in  the  case  of  the  devices  previously  discussed,  determining  the 
resonance  frequency  is  an  exercise  in  determining  the  spring  constant  and 
mass  of  the  device.  The  spring  constant  has  three  components  [71]: 


Ewt^  j  _  KE  _  cr(l  -  v)wt 

~1F  '  “  2m+L^)li,{\  +  v)sm{e)  ■'  ~  2L 


k  =  N{k^^  +  k,+  k^) 


(3-19) 


where 

kj.g  is  the  cross-sectional  spring  constant,  is  the  torsional  spring  constant, 
and  kg  is  an  added  stress  term; 

KE  is  the  kinetic  energy  of  the  spring  (when  in  motion,  equal  to  V2mv^^; 

E  is  Young’s  modulus,  a  is  the  stress  of  the  material,  v  is  the  Poisson  ratio, 
N  is  the  number  of  flexures; 

w,  t,  L  are  the  width,  thickness,  and  length  of  the  flexures  respectively; 

Lj  and  Lj  are  the  primary  and  secondary  lengths  of  the  flexure  (in  the  case 
of  bent  flexures). 

If  the  flexures  are  straight,  then  the  k;  can  be  ignored.  The  mass,  M, 
is  a  simple  volume  times  density  calculation.  Using  the  k  and  M,  the 
resonant  frequency  is  calculated  using  Equation  3-1. 
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3.3.2  Driving  Mirrors 


The  mirrors,  like  cantilevers  and  bridges,  are  simple  two  port  devices. 
A  source  on  one  port  and  a  return  on  the  other  is  required  to  operate  the 
device.  To  calculate  the  voltage  required  to  drive  the  device  use  [71]; 

l2kd  f 

V  =  (z,-dM—L  (3-20) 

V  ^0^ 

where: 

Sq  is  the  free  space  dielectric  constant  (8.854  x  10’’^); 

Zq  is  the  resting  position  of  the  mirror  (distance  above  the  substrate); 

df  is  the  mirror  deflection; 

A  is  the  surface  area  of  the  mirror. 

To  calculate  the  maximum  voltage  the  device  can  operate  set  df  = 

Zq/S.  Deflections  greater  than  1/3  of  the  gap  cause  instabilities  in  the  system 

[66]. 
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Chapter  4 


4.  Experimental  Setups,  Procedures,  and  Design  Descriptions 

This  Chapter  describes  the  experimental  setups  required  to  process 
and  validate  the  designs  used  to  implement  selected  MEMS  devices.  Step 
by  step  procedures  are  described  to  ensure  that  future  researchers  can 
reproduce  the  results  described  in  Chapter  5,  and  subsequent  advancements 
can  be  realized.  Each  of  the  MEMS  designs,  and  the  overall  system  design, 
are  discussed  in  detail. 

4.1  Experimental  Setups 

Approximately  two  months  after  submitting  a  design  to  MCNC,  the 
dice  are  returned  to  the  designer.  For  each  MUMPs  die  site,  about  15  die 
are  produced.  Before  the  die  can  be  tested  they  must  be  post-processed  to 
remove  the  protective  layer  of  photoresist,  and  to  release  the  structures. 
After  post-processing,  the  devices  on  the  die  can  be  tested.  The  following 
sections  describe  the  setups  required  for  post-processing  and  testing  of  the 
individual  die. 
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4.1.1  Die  Post-processing 


When  dice  are  received  they  must  first  be  post-processed.  This 
entails  removing  the  protective  photoresist,  and  subsequently  releasing  the 
device  structures.  Recall,  the  MUMPs  process  utilizes  three  patterned 
polysilicon  layers,  with  an  added  metal  layer  deposited  last.  Between  the 
polysilicon  layers  lie  oxide  layers.  Any  exposed  oxide  layers  are  etched 
away  during  post-processing,  leaving  the  patterned  three  dimensional 
polysilicon  design.  To  release  these  structures,  hydrofluoric  (HF)  acid  is 
used.  This  is  one  of  the  most  hazardous  chemicals  known  to  man.  Using 


Figure  4-1  -  Facility  used  to  release  MEMS  devices  [3 ]. 
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this  chemical  mandates  certain  precautions.  Rubber  gloves  must  be  worn  to 
prevent  the  liquid  chemical  from  soaking  through  the  skin  and  reacting  with 
the  calcium  in  the  bones.  Eye  protection  must  always  be  in  place  in  the 
form  of  goggles  or  a  face  shield.  Since  HF  vaporizes  readily,  all  work  must 
proceed  under  a  chemical  vapor  hood  with  the  appropriate  negative 
pressure.  Figure  4-1  shows  the  hood  in  place  in  the  AFIT  MEMS 
laboratory.  Care  must  be  also  taken  in  disposal  of  all  chemicals  after  use. 
Additional  containers  are  available  to  recapture  used  chemicals.  The 
MEMS  release  procedures  are  discussed  later  in  this  chapter. 

4.1.2  Scanning  Electron  Microscope 

After  releasing  the  individual  die,  it  is  inspected  to  ensure  proper 
fabrication  and  release.  In  some  cases,  this  can  be  done  using  a  standard 
microscope.  For  most  MEMS  devices,  however,  the  need  for  a  three 
dimensional  view  requires  using  the  Scanning  Electron  Microscope  (SEM). 
Shown  in  Figure  4-2,  the  SEM  is  capable  of  magnifications  on  the  order  of 
1000  times,  and  can  rotate  the  die  in  three  dimensions.  The  SEM  has  a 
built-in  Polaroid  camera,  enabling  high  quality  pictures  of  micron  sized 
objects. 
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Figure  4-2  -  Scanning  Electron  Microscope  setup  [3J. 

4.1.3  Test  Equipment  Description 

The  following  test  equipment  was  used  in  the  testing  of  the  MEMS 
devices: 


Network/Spectrum  Analyzer  -  Hewlett-Packard,  Model  HP  4 195  A 


This  analyzer,  shown  in  Figure  4-3,  measures  changes  in  the 
frequency  spectrum  in  the  range  of  10  Hz  to  500  MHz.  It  can  measure  the 
transmission  coefficients,  phase  and  amplitude  changes,  over  this  entire 
range,  and  with  an  add-on  directional  bridge,  it  measures  the  reflection 
coefficients  for  frequencies  greater  than  100  KHz. 


4-4 


Figure  4-3  -  Photograph  of  the  4 195 A  Network/Spectrum  analyzer. 


Micro-manipulator  table  -  The  micromanipulator  Company,  Model  #6200 

The  micromanipulator  is  a  microscope  station  that  allows  for  the 
probing  of  die.  The  die,  as  well  as  the  base  of  each  of  the  probes,  are  held 
in  place  by  a  vacuum.  The  die  can  be  moved  in  the  three  dimensions,  but 
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can  not  be  tilted  to  view  the  raised  structures  created  in  MEMS.  The  station 


itself  sits  on  an  air  table  that  is  floated  by  a  compressor  or  a  nitrogen  tank. 
This  isolates  the  microscope  from  vibrations  that  exist  in  any  building.  This 
probe  station  is  useful  for  inspecting  die,  but  can  not  be  used  to  test  the 
devices  described  in  this  thesis  due  to  the  absence  of  a  vacuum  chamber. 

Dual  Power  Supply  -  Powertec,  Model  #6C3000 

This  is  an  analog  power  supply  that  provides  two  independent  voltage 
or  current  sources.  Each  source  is  capable  of  supplying  0  to  36  VDC  at  1  A. 
The  two  supplies  can  be  tied  in  series  to  form  a  0  to  72  VDC  supply. 

Digital  Multimeter  -  Fluke,  Model  #8600A 

The  multimeter  measures  currents,  voltages,  and  resistances  and 
displays  the  values  in  a  decimal  readout.  The  meter  can  read  voltages  up  to 
1000  VDC  or  750  VAC,  and  currents  up  to  10  A.  Resistances  up  to  32  MQ 
can  also  be  measured. 

Function  Generators  -  l.Wavetek,  Model  #148,  2.Hewlett  Packard,  Model 
#3314A 

The  Wavetek  is  a  20  MHz  AM/FM/PM  generator  with  one  50  Q  and 
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one  75  Q  output.  It  supplies  up  to  15  V  peak-to-peak  sinusoids,  and  can 
superimpose  up  to  7.5  VDC  bias.  The  HP  3314A  is  a  programmable  source, 
able  to  supply  square,  sinusoidal,  or  sawtooth  waveforms  in  the  range  of  1 0 
Hz  to  20  MHz.  It  has  an  output  voltage  range  of  0.1  to  10  V  peak  to  peak, 
with  up  to  10  VDC  bias.  The  device  will  automatically  sweep  through 
specified  frequency  ranges.  This  is  useful  for  optically  determining 
resonance  of  comb  actuators. 

Ball  Bonder  -  Kulicke  and  Soffa  Industries,  Inc.,  Model  #4124 

This  ultrasonic  bonder  is  used  to  wire  bond  dice  to  packages.  It  uses 
temperature,  pressure,  and  high  frequency  vibration  to  bond  25  pm  diameter 
gold  wire  to  die  and  package  bond  pads,  enabling  the  designed  devices  to  be 
placed  in  circuit  cards. 

Scanning  Electron  Microscope  -  International  Scientific  Instruments,  Model 
WB-6 

This  high  performance  microscope  has  an  approximate  4  nm 
resolution,  and  is  used  to  characterize  released  die.  A  built-in  Polaroid 
camera  enables  high  quality  pictures  of  micron  sized  devices. 
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Thermal  Testing  Station  -  MMR  Technologies,  Inc.,  Model  K20P4-4 

The  Low  Temperature  Micro  Probe  (LTMP)  is  used  to  measure 
temperature  sensitive  devices.  For  the  purposes  of  this  thesis,  only  the 
vacuum  chamber  and  probes  were  used.  None  of  the  thermal  capabilities 
were  exercised.  A  die  is  inserted  into  the  chamber  on  a  cold  finger,  which  is 
held  in  place  with  three  screws.  The  cold  finger  has  a  ten  pin  connector 
providing  electrical  connectivity  outside  the  vacuum.  Additionally,  the 
LTMP  has  four  probe  manipulators  that  connect  the  probe  tips  inside  the 
vacuum  with  external  Sub  Miniature  Adapter  (SMA)  connectors,  allowing 
four  temporary  connections  with  the  die.  Test  equipment  can  then  be 
connected  to  the  devices  via  the  SMA  connectors  with  cables.  Each  probe 
can  be  precisely  moved  in  three  directions,  X,  Y,  and  Z  over  a  1.0  x  1.0  x 
0.25  inch  volume  by  using  three  external  knobs.  Figure  4-4  depicts  the 
probing  of  the  die.  A  microscope  is  mounted  above  the  chamber,  and 
optical  access  is  made  possible  through  a  sapphire  window.  A  vacuum 
pump,  capable  of  achieving  less  than  20  mTorr  vacuum,  is  connected  to  the 
chamber  via  a  gas  manifold  shown  in  Figure  4-5.  Additionally,  nitrogen 
backfill  and  pressure  sensing  are  performed  by  the  manifold. 
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Figure  4-4  -  Cut-away  view  of  the  vacuum  chamber  [3].  Access  into  the 
vacuum  chamber  is  admitted  by  four  micromanipulator  probes.  The  device 
under  test  is  viewed  under  the  microscope,  probed,  and  subsequently 
operated  by  external  test  equipment. 


Figure  4-5  -  Vacuum  Manifold  Layout. 


Programmable  Stepping  Motor  Controller  with  Translation  Stages  - 


Klinger  Scientific,  Model  CC 1 .2 

Used,  in  conjunction  with  the  vacuum  chamber,  to  position  the  area 
of  interest  of  the  die  under  test  under  the  sapphire  window.  A  remote 
control  allows  users  to  keep  their  eyes  on  the  die  while  positioning. 

4.1.4  Device  Test  Setup 

Pictured  in  Figure  4-6,  the  device  test  setup  includes  the  vacuum 
chamber  and  test  equipment  rack.  The  vacuum  chamber  rests  on  top  of  the 
depicted  air  table  to  minimize  vibrational  noise.  Access  into  the  vacuum 
chamber  is  enabled  via  four  internal  probes.  These  probes  are  connected  to 
the  appropriate  test  equipment  through  external  connectors.  Access  to  the 
chamber  can  also  be  obtained  though  the  external  connector  on  the  cold 
finger.  This  connector  has  ten  pins  that  extend  into  the  chamber,  and  are 
normally  connected  to  the  cold  finger  for  refrigeration  purposes.  However, 
they  can  be  disconnected  from  the  cold  finger  and  used  as  I/O  signals  to  and 
from  the  device  under  test  (DUT).  A  broken  cold  finger  was  refurbished  for 
this  purpose.  So,  a  total  of  14  connections,  4  probed  and  ten  wire- wrapped, 
to  the  DUT  are  possible. 
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Figure  4-6  -  MEMS  lab  vacuum  chamber  experimental  setup  [5]. 


4.2  Procedures 

The  following  procedures  were  used  to  post-process  and  test  the 
MEMS  devices. 

4.2.1  Die  Post  Processing 

Releasing  the  MUMPs  die  entails  removing  the  protective 
photoresist,  etching  the  sacrificial  oxide  layers,  rinsing,  and  drying.  The 
procedure,  illustrated  in  Table  4-1,  is  somewhat  excessive  on  the  times,  but 
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ordinarily  results  in  a  good  clean  release.  All  beakers  must  first  be  rinsed 
out  with  deionized  water  (DIW)  and  then  blown  dry  with  nitrogen  to 


remove  contaminants.  It  is  important  to  remember  that  a  piece  of  dust  is  a 
boulder  relative  to  the  micron  size  devices  being  released.  Keeping  the 


Table  4-1  -  Release  Procedure  for  MUMPs  Die  [ 6, 72 ]. 


Step 

Solution 

Time 

Notes 

1 

Acetone 

1 5  min. 

Removes  Protective 
Photoresist 

2 

Methanol 

5  min. 

Rinse  off  acetone 

3 

Deionized  water  (DIW) 

5  min. 

Rinse  off  acetone/methanol 

4 

HF  (49%) 

2.5  min. 

Etch  sacrificial  layers 

5 

DIW 

5  min. 

Rinse  off  etchant 

6 

Clean  DIW 

10  min. 

Ensure  etchant  rinsed  off 

7 

2-Propanol 

5  min. 

Removes  water 

8 

Methanol 

1 0  min. 

Ensure  water  is  removed 

9 

Hot  Plate  at  ~60  °C 

~30  sec. 

Evaporate  2-Propanol/ 
methanol 

work  area  and  containers  clean  is  essential  for  a  good  release. 


Except  for  the  HF  bath,  the  time  in  a  solution  does  not  have  to  be 


exact.  Some  devices  will  require  a  longer  HF  bath,  but  all  the  devices 
constructed  for  this  thesis  released  properly  following  the  stated  procedure 
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with  times  listed.  Increasing  the  rinse  times  can  improve,  although  very 
slightly,  the  overall  process.  Two  alcohol  rinses  at  the  end  are  not  essential, 
but  the  second  rinse  serves  to  further  minimize  the  amount  of  dust  and 
debris  on  the  released  die.  The  rinses  also  ensure  that  all  water  is  removed. 
Failure  to  remove  the  water  can  lead  to  device  stickage  to  substrate  due  to 
van  der  Waals  forces. 


It  is  important  to  follow  all  safety  rules  while  working  in  the 
laboratory.  Wear  of  protective  clothing,  gloves,  and  eyeware  is  imperative. 
The  risk  of  exposure  to  dangerous  chemicals  is  real,  and  the  consequences 
severe.  Also  ensure  that  the  chemical  vapor  hood  is  working  properly,  and 
the  chemicals  used  are  properly  disposed. 


Table  4-2  -  Vacuum  Chamber  Pump  Down  Procedure  [3]. 


Step 

Operation 

1 

Ensure  all  valves  are  in  the  closed  position  (turned  clockwise) 

2 

Turn  on  the  vacuum  pump.  If  the  pump  does  not  transition  from 
initial  noisy  to  subsequent  quiet  operation,  turn  pump  off  and 
check  all  vacuum  line  connections  to  ensure  they  are  tight. 

3 

Turn  on  power  to  Convectron  vacuum  gauge.  Check  power  light 
on  front  panel  (red).  Observe  that  the  pressure  indicated  is  760 
Torr  or  greater. 

4 

Open  vacuum  isolation  valve  (Vj).  Chamber  pressure  can  now 
be  monitored  from  the  vacuum  gauge. 

5 

When  vacuum  gauge  reads  100  mTorr  or  less,  proceed  to  device 
testing. 
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4.2.2  Vacuum  Chamber  Setup  and  Use 

The  procedures  described  in  Table  4-2  are  used  to  pump  down  the 
vacuum  chamber  to  levels  that  alleviate  the  damping  caused  by  air  on  the 


Table  4-3  -  Vacuum  Chamber  Backfill  Procedure  [3]. 


Step 

Operation 

1 

Allow  the  vacuum  chamber  pressure  to  increase  above  5  mTorr 
when  operation  of  the  MMR  refrigerator  has  terminated  and  has 
warmed  the  refrigerator  to  room  temperature  (300  K). 

2 

Close  the  vacuum  isolation  valve  (V,). 

3 

Regulate  the  pressure  from  the  nitrogen  backfill  tank  to  1 5  psi  or 
less.  The  pressure  gauge  is  attached  to  regulator  that  is  screwed 
into  the  nitrogen  bottle. 

4 

Open  backfill  isolation  valve  (V4).  If  gas  pressure  exceeds 
atmospheric  pressure  by  more  than  1  psi,  the  pressure  relief 
valve  (Vr)  will  open,  allowing  some  of  the  backfill  gas  to 
escape.  Gas  hissing  may  therefore  be  evident. 

5 

Open  the  vacuum  chamber  valve  (V3).  The  flow  restrictor  will 
limit  gas  flow  so  that  the  pressure  will  increase  to  atmospheric 
slowly.  When  the  vacuum  gauge  (VG)  indicates  atmospheric 
pressure,  proceed  to  step  6. 

6 

Close  vacuum  chamber  backfill  valve  (V3). 

7 

Turn  off  the  vacuum  pump. 

8 

Open  the  pump  line  backfill  valve  (V2).  Wait  until  the  pressure 
relief  valve  starts  venting.  Will  hear  gas  hissing. 

9 

The  cold  finger  can  now  be  removed,  and  the  device  under  test 
removed/replaced.  When  complete,  securely  screw  the  cold 
finger  back  into  place. 

10 

Close  the  pump  line  backfill  valve  (V2). 

11 

Close  the  backfill  gas  isolation  valve  (V4). 

12 

Close  the  main  valve  on  the  nitrogen  backfill  tank. 
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MEMS  devices.  The  valves  referenced  are  shown  in  Figure  4-5.  When 
placing  a  new  device  in  the  chamber,  the  chamber  must  first  be 
depressurized.  The  air  we  breath  is  too  dirty  to  allow  into  the  chamber. 
Microbes  and  dust  particles  would  contaminate  the  chamber,  so  a  back 
pressure  is  supplied  to  the  chamber  before  removing  the  cold  finger.  Table 
4-3  lists  the  steps  necessary  to  depressurize  the  chamber,  and  remove  the  die 
without  contaminating  the  chamber. 

4.2.3  MEMS  Testing 

Detecting  the  small  changes  that  occur  when  a  MEMS  device  enters 
resonance  is  no  easy  task.  Equally  as  challenging,  is  determining  the 
frequency  and  drive  for  each  device  type.  A  flexible  setup  is  extremely 
important  for  testing  devices  of  different  sizes  and  structures.  Many 
variations  of  test  setups  were  investigated  before  a  valid  test  setup  was 
devised  for  both  the  horizontally  and  vertically  actuated  devices.  Figure  4-7 
is  the  test  setup  used  to  detect  comb  resonance.  Following  the  procedures  in 
Table  4-4  device  resonance  is  observed  and  can  be  varied. 
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4 195  A  Network/Spectrum  Analyzer 


SR560  Low  Noise  Preamp 


Figure  4-7  -  Comb  resonator  test  setup.  This  setup  was  used  to  test  comb 
devices.  The  DC  bias  is  applied  across  the  ground  plate  and  drive.  The 
resonance  observed  on  the  network  analyzer  is  half  of  the  actual  resonance 
when  the  DC  voltage  is  zero.  When  sufficient  DC  bias  is  applied,  the  actual 
resonance  of  the  comb  is  observed  on  the  network  analyzer.  Varying  the 
DC  bias  from  that  point  permits  tuning  of  the  resonant  frequency  of  the 
device  under  test.  The  connections  from  the  vacuum  chamber  are  made 
with  SMA  to  coaxial  cables.  All  other  connections  are  made  with  standard 
coaxial  cables.  T-connectors  are  used  at  the  cable  junctions. 
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Table  4-4  -  Comb  Test  Procedure. 


Step 

Operation 

1 

Insert  test  die  in  vacuum  chamber  and  initiate  vacuum  following 
procedures  in  Table  4-2  and  Table  4-3. 

2 

Turn  on  test  equipment 

3 

Select  ports  on  4 195  A  using  the  procedures  described  in  the 
operation  manual.  Either  combination  of  SI,  Rl,  T1  or  S2,  R2, 

T2  can  be  used. 

4 

Set  SI  or  S2  to  low  setting  (-40  dBm) 

5 

Connect  equipment  as  shown  in  Figure  4-7. 

6 

Set  DC  bias  to  20  V 

7 

Set  Preamp  to  a  gain  of  20.  Frequency  range  (band  limit)  can 
also  be  set. 

8 

Set  instrumentation  amp  to  a  gain  of  1 0 

9 

Probe  the  die  as  illustrated  in  Figure  4-7. 

10 

Adjust  SI  or  S2  to  approximately  -1 1.5  dBm,  Rl  or  R2  to  10  dB, 
and  T1  or  T2  to  20  dB.  Ensure  waveform  output  from  the 

4 195  A  after  amplification  by  the  instrumentation  amplifier  is 
approximately  2.25  V  peak  to  peak  using  the  oscilloscope. 

11 

Set  start  and  stop  frequencies  in  the  approximate  range  of  the 
expected  resonance.  Use  the  span  and  center  frequency 
adjustments  to  zoom  in  on  resonance. 

12 

Record  changes  of  resonant  waveform  under  changing  signal 
and  DC  source  values. 

For  one  port  devices,  such  as  cantilevers  and  mirrors,  the  setup  is 
slightly  different.  The  source  waveform  is  superimposed  on  a  DC  bias,  as 
shown  in  Figure  4-8.  The  procedures  for  testing  these  devices,  shown  in 
Table  4-5,  vary  from  the  comb  test  procedures  only  in  the  amount  of  applied 
drive. 
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Table  4-5  -  Cantilever  and  Mirror  Test  Procedure. 


Step 

Operation 

1 

Insert  test  die  in  vacuum  chamber  and  initiate  vacuum  following 
procedures  in  Table  4-2  and  Table  4-3. 

2 

Turn  on  test  equipment 

3 

Select  ports  on  4 195 A  using  the  procedures  described  in  the 
operation  manual.  Either  combination  of  SI,  Rl,  T1  or  S2,  R2, 

T2  can  be  used. 

4 

Set  SI  or  S2  to  low  setting  (-40  dBm) 

5 

Connect  equipment  as  shown  in  Figure  4-8. 

6 

Set  DC  bias  to  5  V  or  less 

7 

Set  Preamp  to  a  gain  of  100.  Frequency  range  (band  limit)  can 
also  be  set. 

8 

Set  instrumentation  amp  to  a  gain  of  5 

9 

Probe  the  die  as  illustrated  in  Figure  4-8. 

10 

Adjust  SI  or  S2  slowly  up  to  approximately  -9.9  dBm,  Rl  or  R2 
to  10  dB,  and  T1  or  T2  to  30  dB.  Ensure  waveform  output  from 
the  4 195  A  after  amplification  by  the  instrumentation  amplifier  is 
approximately  1 .3  V  peak  to  peak  using  the  oscilloscope.  It  is 
important  not  to  overdrive  these  devices  or  damage  will  result. 
Start  at  a  low  drive  and  slowly  increase  until  resonance  is  noted. 

11 

Set  start  and  stop  frequencies  in  the  approximate  range  of  the 
expected  resonance.  Use  the  span  and  center  frequency 
adjustments  to  zoom  in  on  resonance. 

12 

Record  changes  of  resonant  waveform  under  changing  signal 
and  DC  source  values. 
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4195A  Network/Spectrum  Analyzer  Low  Noise  Preamp 


Figure  4-8  -  Cantilever  and  mirror  test  setup.  This  setup  was  used  to  test 
one  port  devices.  The  DC  bias  is  applied  in  series  with  the  AC  source.  The 
resonance  observed  on  the  network  analyzer  is  half  of  the  actual  resonance, 
since  the  DC  is  not  applied  across  the  device.  Varying  DC  bias  changed  the 
resonant  frequency  of  the  device  under  test.  The  connections  from  the 
vacuum  chamber  are  made  with  SMA  to  coaxial  cables.  All  other 
connections  are  made  with  standard  coaxial  cables.  T-connectors  are  used 
at  the  cable  junctions. 


4.3  MEMS  Design  Descriptions 

This  section  describes  the  designs  submitted  to  MCNC  for 
fabrication.  In  all,  five  fabrication  runs  were  met,  MUMPs  1 1  through 
MUMPs  15,  with  the  last  two  runs  including  SmartMUMPs  designs.  Since 
cantilevers  were  considered  the  device  of  choice  for  most  of  the  design 
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period,  they  represent  the  majority  of  the  initial  designs.  The  last  two  runs 
also  focused  on  many  different  mirror  and  comb  designs. 

4.3.1  MUMPsll 

The  intent  of  the  designs  on  the  MUMPs  1 1  AFIT  2  die,  shown  in 
Figure  4-9,  was  to  implement  a  series  of  cantilevers  that  could  be  used  to 
characterize  the  device  as  a  resonator,  and  to  determine  the  drive  voltages. 
The  designs  used  groups  of  five  cantilevers  of  the  same  length,  with  widths 
of  10,  20,  30,  40,  and  50  microns.  Groups  of  cantilevers  in  lengths  of  50, 
100,  150,  200,  250  and  300  microns  were  constructed  as  shown  in  Figure  4- 
10.  Three  types  of  layer  combinations  were  used  to  implement  the 
cantilevers  while  keeping  the  dimensional  designs  the  same.  Polyl,  Poly2, 
and  Poly  12  implementations  were  constructed.  Polyl  and  Poly  12 
cantilevers  have  a  2  micron  gap  between  the  device  and  the  underlying 
PolyO  sense/drive  layer.  The  Poly2  cantilevers  have  a  4.75  micron  gap,  so 
they  can  be  driven  harder.  This  large  gap  is  caused  by  etching  away  the 
Polyl  (2.0  microns).  First  Oxide  (2.0  microns),  and  Second  Oxide  (0.75) 
layers,  leaving  the  Poly2  beam  free-standing.  The  Poly  12  cantilevers  are 
the  thickest,  measuring  4.25  microns,  since  they  a  2  micron  Polyl  layer,  a 
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0.75  micron  oxide  layer,  and  a  1.5  micron  Poly2  layer  sandwiched  together. 
Therefore  the  Poly  12  cantilevers  are  the  stiffest,  and  will  resonate  at  higher 
frequencies. 


Figure  4-9  -  Cadence  layout  of  MUMPs  11  AFIT2  die. 
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Figure  4-10  Close-up  of  cantilevers  on  MUMPs  11  AFIT2  die. 


Each  group 
of  cantilevers 
has  a  label  to 
identify 
materials.  PI 
1 00  means 
beam  is  made 
of  poly  1,  and 
is  100  pm 
long  *. 


Probe  Pads 


Cantilever 
stuck  down 


*  Some  of  the  devices  on  MUMPs  12  were  labeled  incorrectly.  The  beam  length  is  actually  25  pm  longer 
than  labeled.  These  devices  can  be  identified  by  an  elongated  connection  at  the  common  end  as 
described  in  Figure  4-12. 

Figure  4-11  -  SEM  of  MUMPs  11  cantilevers.  Cantilevers  designed  in 
groups  of  five,  each  cantilever  in  the  group  having  equal  length,  varying  in 
width.  Probe  pads  allow  testing  of  the  devices  with  the  micromanipulator. 
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Figure  4-11  is  a  micrograph  of  a  group  of  Poly  1  cantilevers  using  the 


Scanning  Electron  Microscope  (SEM).  The  same  design,  as  it  appears  in 


the  Cadence  CAD  tool,  is  shown  in  Figure  4-12. 


PolyO 
Drive  Pad 


Polyl  Beam 


Beam  is 
suspended 
from  this 
point 


Pads 


Label.  PI  100 
means  beam 
is  made  of 
Polyl  and  is 
1 00  microns 
long  * 

Elongated 

connection 


*  The  gap  between  the  common  spine  and  the  solid  part  of  each  beam  is  25  pm  in  the  design  shown.  This 
must  be  added  to  the  labeled  beam  length,  which  is  100  pm,  for  a  total  of  125  pm.  Half  of  the 
cantilevers  implemented  have  this  elongated  connection,  and  are  therefore  labeled  incorrectly. 

Figure  4-12  -  Cadence  layout  of  cantilevers  shown  in  Figure  4-11.  The 
widths  are  varied  from  50  microns  (left)  to  10  microns  (right)  in  10  micron 
intervals. 


4.3.2  MUMPs  12 

Only  a  few  devices  were  placed  on  the  MUMPs  12  AFIT3  die. 
Figure  4-13  shows  these  devices.  The  intention  of  the  design  was  to 
experiment  with  separate  drive  and  sense  pads.  All  the  cantilevers  were 
designed  using  Poly2. 
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Figure  4-13  -  Close-up  of  cantilevers  on  MUMPs  12  AFIT3  die. 


Another  die  submitted  for  this  run  by  Maj.  Bill  Cowan,  MUMPs  12 
AFIT  2,  included  mirror  actuators.  These  deviees  can  also  act  as  resonators, 
as  described  in  Chapter  3.  Figure  4-14  shows  the  devices  laid  out  in  three 
columns  of  different  lengths.  Actuators  are  arranged  in  groups  of  five  as 
shown  in  Figure  4-15.  The  first  pad  of  each  group  is  common  to  all 
actuators  in  the  group.  Individual  actuators  are  selected  by  plaeing  drive 
across  the  common  pad,  and  the  pad  connected  to  the  bottom  plate  of  the 
chosen  device.  The  first  column  is  actuators  of  88  micron  length  with  two 
flexures.  The  center  and  right  columns  are  four  flexure  actuators  with 
lengths  of  147  and  86  microns,  respectively.  The  top  row  of  eaeh  column  is 
a  sampling  of  five  different  flexure  widths.  Each  of  these  widths  is 
subsequently  repeated  on  their  own  row.  The  widths  are  1.0,  1.25,  1.5,  1.75, 
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and  2.0  microns.  The  implemented  flexure  array  is  shown  in  Figure  4-16. 
Each  of  the  individual  actuators,  as  shown  in  Figure  4-17,  is  made  of  a 
PolyO  drive  plate  below  a  Polyl  top  plate.  Added  to  the  top  plate  is  a  Poly2, 
oxide,  and  gold  sandwich  to  give  it  additional  mass.  Figure  4-18  is  a  close- 
up  Cadence  design  of  the  actuators  describing  the  key  features. 


POLYl 
Actuators  with 
two  88  micron 
long  flexures  and 
five  widths. 


POLYl 
Actuators  with 
four  147  micron 
long  flexures  and 
five  widths. 


POLYl 
Actuators  with 
four  86  micron 
long  flexures  and 
five  widths. 


The  top  row  has 
one  each  of  the 
five  different 
flexure  widths. 

Row  of  1 .0 
micron  flexure 
width  Actuators. 

Row  of  1 .25 
micron  flexure 
width  Actuators. 

Row  of  1.5 
micron  flexure 
width  Actuators. 

Row  of  1.75 
micron  flexure 
width  Actuators. 


Row  of  2.0 
micron  flexure 
width  Actuators. 

Figure  4-14  -  Cadence  layout  of  MUMPs  12  AFIT  2  Actuators. 
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POLY 


Actuators  with 


two  88  micron 


long  flexures  and 


five  widths 


Actuators  with 


four  147  micron 


long  flexures  and 


five  widths. 


Actuators  with 


four  86  micron 


long  flexures  and 


five  widths. 


The  top  row  h 
of  the  five  dif: 
flexure  widths 


Row  of  1.0  mic 
width  Actuators 


Low  of  1 .25  mu 
vidth  Actuators 


Low  of  1.5  mici 
vidth  Actuators 


Row  of  1.75  mi 
flexure  width  A 


Low  of  2.0  mici 
vidth  Actuators 


Figure  4-16  -  Snapshot  of  MUMPs  12  Actuators.  Video  snapshot  of  actuators 
implemented  from  the  Cadence  design  described  in  Figure  4-14.  The  size  of  the  top 
plates  of  the  three  actuator  types  in  microns  is  86x66,  70x58,  and  78x66 for  the  three 
columns,  left  to  right  respectively. 


Figure  4-15  -  Snapshot  of  a  group  of  implemented  actuators  on  MUMPs  12.  The  square 
pad  (left)  is  common  to  all  actuators.  The  individual  actuators  are  driven  by  placing  a 
drive  signal  across  the  common  pad  and  the  pad  that  corresponds  to  the  actuator.  The 
devices  were  implemented  in  three  flexure  lengths  (86,  88,  and  147  micron).  The  86  and 
147  micron  length  flexure  actuators  have  four  Polyl  flexures  suspending  the  Polyl  top 
plate  above  a  PolyO  bottom  plate.  The  88  micron  length  flexure  actuators  have  two 
flexures  and  uses  the  same  materials  as  the  four  flexure  actuators.  The  width  of  the 
flexures  was  varied  from  1.0  to  2.0  micron  in  0.25  micron  increments. 


Flexure 

(88  by  1.25  microns) 


Flexure 

(147  by  1.25  microns) 


Poly2/Gold 
added  mass 


Polyl  Top  Plate 
(86  by  66  microns) 


PolyO  Wire 
connecting  PolyO 
Bottom  Plate  to 
external  pad  (not 
shown) 


Poly2/Gold 
added  mass 


Polyl  Top  Plate 
(70  by  58  microns) 


PolyO  Wire 
connecting  PolyO 
Bottom  Plate  to 
an  external  pad 
(not  shown) 


Figure  4-1 7  -  Snapshot  of  two  and  four  flexure  actuators.  Close-up  video  snapshot  of 
implemented  two  and  four  flexure  actuators  on  MUMPs  12.  The  two  flexure  actuator 
(top)  has  a  flexure  length  of  88  microns.  The  four  flexure  actuator  (bottom)  has  a  flexure 
length  of  147microns.  The  flexure  widths  of  both  mirrors  is  1.25  microns.  The  PolyO 
bottom  plate  is  directly  below  the  Polyl  top  plate,  and  cannot  be  seen  in  the  snapshot. 
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Figure  4-18  -  Close-up  of  a  two  flexure  actuator.  The  top  plate,  made  of  POLY  1,  is 
suspended  above  a  plate  of  POLYO  by  two  88  micron  flexures.  The  flexures  extend  to 
structures  on  both  sides  that  are  anchored  to  the  substrate.  The  circular  structure  in  the 
center  is  made  of  POLY2,  oxide,  and  gold  and  is  added  to  increase  the  mass  of  the  plate. 
The  gold  also  acts  as  a  reflective  surface,  making  the  structure  a  mirror.  Dimples  are 
added  in  the  four  corners  of  the  86  by  66  micron  top  plate  to  help  keep  it  from  sticking  if 
it  is  slammed  down  onto  the  POLYO  plate. 


4.3.3  MUMPsl3 

Figure  4-19  shows  the  Cadence  layout  of  the  MUMPs  13  AFIT3  die. 
The  purpose  of  this  design  was  to  build  an  array  of  cantilevers,  with  a  single 
drive,  and  separate  senses.  The  cantilevers  designed,  were  a  hybrid  of  those 
designed  in  the  two  previous  runs.  Groups  of  cantilevers  were  connected  to 
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Figure  4-19  -  Cadence  layout  of  MUMP s  13  AFIT  3  die. 


form  the  array,  as  in  Figure  4-20,  and  each  cantilever  in  the  group  has  a 
separate  drive  and  sense  pad.  Two  arrays  were  constructed,  one  with  Polyl 
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cantilevers,  and  the  other  with  Poly2.  A  group  of  Poly  12  cantilevers  was 
added  for  testing,  but  not  connected  in  an  array. 


Figure  4-20  -  Close-up  of  an  array  of  cantilevers  on  MUMPs  13  AFIT3 
die. 


4.3.4  MUMPs  14  (SmartMUMPs) 

This  was  the  first  generally  available  SmartMUMPs  run.  As 
discussed  in  Chapter  2,  the  Ecosys  die  is  place  on  top  of  the  MUMPs  die 
with  a  predetermined  pin  layout.  MCNC  provides  a  ready-made  padframe, 
shown  in  Figure  4-21,  to  place  the  user  defined  devices.  While  the  center  of 
the  chip,  within  the  inner  padframe,  can  be  used  to  place  devices,  those 
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Figure  4-21  -  SmartMUMPs  Pad  Frame  supplied  by  MCNC  [6J.  The 
Ecosys  die  is  soldered  directly  to  the  inner  padframe.  The  outer  padframe 
is  wire  bonded  to  a  standard  package. 


devices  will  be  covered  by  the  Ecosys  die.  The  Ecosys  die  is  soldered 
directly  to  the  inner  padframe.  The  outside  padframe  is  wire  bonded  to  a 
standard  package.  As  with  standard  MUMPs  run,  approximately  15  of  the 
die  are  returned.  With  SmartMUMPs,  however,  it  is  not  necessary  to 


4-31 


Figure  4-22  -  Cadence  layout  of  MUMPs  14  (SmartMUMPs).  Four 
cantilever  devices  are  connected  to  the  Ecosys  circuits.  Most  of  the  inner 
padframe  required  for  the  Ecosys  chip  are  routed  to  the  outer  padframe. 
The  bottom  right  pad  of  the  outer  padframe  is  connected  to  the  substrate  by 
breaching  the  nitride  layer.  This  will  be  used  to  ground  the  substrate. 


post-process  the  die.  SmartMUMPs  die  are  returned  completely  released 
and  packaged. 
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One  of  the  disadvantages  of  using  SmartMUMPs  is  the  large  amount 


of  wiring  required  to  the  center  of  the  chip.  Figure  4-22  is  the  Cadence 
layout  for  the  MUMPs  14  SmartMUMPs  die.  Only  four  devices  can  be 


Figure  4-23  -  Close-up  of  Cadence  layout  of  test  device  connected  to  TZA 
circuit. 

connected  to  the  Ecosys  chip.  The  wiring  is  used  for  input,  output,  and 
control  voltages  required  to  run  the  Ecosys  chip.  The  wiring  itself  is 
designed  to  be  low  capacitance,  by  stacking  Polyl,  Poly2,  and  metal,  which 
is  stapled  to  the  substrate  approximately  every  100  microns. 
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Different  configurations  of  cantilever  devices  were  connected  to  each 


of  the  four  major  Ecosys  circuits.  Each  circuit  was  connected  with  guidance 
from  the  SmartMUMPs  user's  manual  [6],  as  described  in  Chapter  2. 

Figures  4-23  through  4-26  show  the  cantilever  devices  connected  to  the  four 
Ecosys  circuits.  The  purpose  of  the  dual  cantilever  design  is  to  use  the  extra 
cantilever  as  a  reference. 


Figure  4-24  -  Close-up  of  Cadence  layout  of  test  device  connected  to 
BA  WDS  Circuit. 
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Figure  4-25  -  Close-up  of  Cadence  layout  of  test  device  connected  to 
CDSInt  circuit. 


Figure  4-26  -  Close-up  of  Cadence  layout  of  test  device  connected  to 
DCDSInt  circuit. 
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4.3.5  MUMPs  15 


At  the  time  of  this  design,  only  one  type  of  comb  resonator  was 
available,  the  MCNC  test  device.  It  was  clear  that  comb  drives  were 
excellent  resonators,  and  should  be  further  characterized.  Resonance  had 
been  observed  close  to  predicted  values,  and  the  ability  to  tune  these 
devices  with  a  DC  bias  was  evident.  Accordingly,  MUMPs  1 5  focused  on 
these  devices.  Devices  were  placed  on  two  separate  die.  One  is  a  standard 
MUMPs  die,  shown  in  Figure  4-27,  and  the  other  is  a  SmartMUMPs  die, 
shown  in  Figure  4-28. 


Figure  4-27  -  Cadence  layout  of  MUMPs  15  AFIT4.  Combs,  mirrors,  and 
actuators  fill  the  top  half  of  this  die.  These  will  be  used  to  further 
characterize  their  properties  as  resonators. 
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The  left  quadrant  of  AFIT4  is  completely  devoted  to  combs  as  is  most 
of  AFIT8.  The  right  quadrant  contains  assorted  mirrors  and  actuators  that 


Figure  4-28  -  MUMPs  15  AFIT8  (SmartMUMPs).  Four  comb  devices  are 
attached  to  the  Ecosys  circuits.  Many  comb  devices,  of  varying  widths, 
spring  lengths,  and  number  of  fingers  were  placed  on  this  die.  Note  the 
ground  pin  is  now  connected  to  five  nitride  breaches,  one  by  the  ground  pin 
itself,  and  the  other  four  adjacent  to  the  devices  connected  to  the  Ecosys 
die.  This  was  done  after  an  ominous  warning  from  MCNC  suggesting 
substrate  grounds  be  placed  close  to  devices  connected  to  the  Ecosys  die. 
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can  be  used  to  further  refine  the  characterizing  setup  describe  previously, 
and  get  a  better  understanding  of  how  these  devices  can  be  used  as 
resonators. 

4.4  Circuit  Card  Design  Description 

The  Artificial  Cochlea  is  to  be  implemented,  in  part,  on  a  PC 
compatible  prototype  card.  These  cards  are  available  for  under  $100  and 
provide  all  the  required  decode  logic.  They  also  provide  signal  isolation  of 
the  address  and  data  lines,  protecting  both  the  PC  and  the  circuit  being 
prototyped.  Using  the  prototype  card  simplifies  the  task  at  hand,  and  avoids 
“reinventing  the  wheel.” 

The  JDR  Microdevices®  PDS-601/61 1,  PC  Bus  Breadboard  with  I/O 
Decode  Logic,  was  purchased  to  implement  the  artificial  cochlea.  This 
prototype  board  features  a  large  breadboard  area,  reconfigurable  address 
decoding,  clearly  labeled  test  and  tie  points,  and  complete  isolation  from  the 
PC  system  buses.  Bus  isolation  is  provided  by  75LS541,  gated  octal 
buffers,  which  also  re-drive  the  signals  ensuring  proper  levels.  Another 
feature  is  the  74LS245,  bi-directional  octal  transceivers,  which  gate  data  to 
and  from  the  data  bus.  The  Intel  8255,  programmable  parallel  peripheral 
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interface,  is  included  to  simplify  the  creation  of  complex  multi-port  devices, 
which  is  exactly  what  is  needed  for  the  artificial  cochlea.  An  Intel  8253, 
programmable  interval  timer  is  also  included,  enabling  the  generation  of 
accurate  timing  delays  under  software  control. 

4.4.1  PC  Interface 

The  prototype  card  interfaces  with  the  PC  using  the  system  buses. 
Predetermined  addresses  are  available  to  access  the  various  ports  on  the 
card.  The  addresses  are  selectable  by  use  of  a  dip  switch. 

4.4.2  MEMS  Interface 

The  MEMS  devices  interface  with  the  PC  using  A/D  and  D/A 
converters  via  the  PC  Interface.  Data  registers  are  used  to  keep  the  state  for 
both  reads  and  writes.  For  instance,  to  apply  a  constant  DC  voltage  to  a 
particular  device,  it  is  first  selected  by  the  software,  then  its  data  register  is 
loaded  with  a  value.  The  value  in  the  register  is  then  converted  to  a  DC 
voltage  by  its  D/A  converter.  The  applied  voltage  will  not  change  until  the 
data  in  the  register  is  updated.  Similarly,  values  read  from  the  device  are 
converted  to  digital  by  the  A/D  converter,  and  then  latched  into  the  data 
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registers  when  the  device  is  selected.  This  data  can  then  be  used  by  the 
control  program  to  make  decisions,  or  be  plotted. 

4.5  Software  Design  Description 

While  the  software  to  control  the  artificial  cochlea  will  have  to  wait 
until  the  actual  implementation,  preliminary  design  can  begin  after 
considering  the  requirements.  The  software  should  be  implemented  with  a 


Figure  4-29  -  Overall  block  diagram  of  control  program. 


Graphical  User  Interface  (GUI),  giving  the  user  full  control  over  the 


program  and  the  circuit  card  being  controlled.  Figure  4-29  is  an  overall 


block  diagram  of  the  software. 
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4.5.1  Main  Program 


The  purpose  of  the  Main  Program  is  to  interface  the  user  with  the 
Circuit  Card,  giving  the  user  full  control  over  the  MEMS  devices. 

4.5.2  Circuit  Card  Control  Module 

The  Circuit  Card  Control  Module  contains  all  of  the  software  to 
interface  with  the  Circuit  Card.  It  allows  devices  to  be  selected,  driven,  and 
polled. 

4.5.3  Waveform  Display  Module 

The  Waveform  Display  Module  allows  the  data  obtained  by  the 
Circuit  Card  Control  Module  to  be  displayed.  The  data  can  be  plotted 
graphically,  or  in  tables.  Both  input  and  output  data  can  be  displayed 
simultaneously. 
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Chapter  5 


5.  Results  and  Discussion 

This  Chapter  describes  the  individual  and  overall  results  of  the  thesis 
research.  Three  general  classes  of  resonators  were  designed  and  tested: 
cantilevers,  mirror/actuators,  and  combs.  Resonance  is  observed  for  all 
three  classes,  and  the  effects  of  DC  bias  is  explored.  Also,  the  nonlinear 
operation  of  the  devices  and  the  Q  variance  is  presented.  Observations  of 
how  these  natural  resonators  work  leads  to  a  new  look  at  the  mechanics  of 
the  cochlea. 

5.1  Results 

All  of  the  MEMS  devices  constructed  and  tested  worked  as  expected. 
Two  new  test  setups,  described  in  Chapter  4,  were  developed  empirically 
until  dependable  and  flexible  setups  were  found.  There  are  so  many 
variables  when  testing  these  devices  (i.e.:  devices  that  are  not  fully  released, 
stuck  down,  etc.)  that  absolute  trust  in  the  set-up  is  essential.  Even  so, 
testing  these  devices  can  be  tedious.  The  devices  must  be  placed  in  the 
vacuum  chamber,  probed,  driven,  and  measured.  Probing  sometimes 
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damages  the  device  under  test.  If  it  was  the  last  device  of  its  kind,  then 
another  die  must  be  released,  and  the  process  restarted. 

Once  the  developed  test  set-up  proved  itself  reliable,  the  results  were 
obtained.  The  test  results  of  the  individual  devices  are  revealed  in  the 
following  sections.  Calculations  for  the  theoretical  values  are  found  in 
Appendix  A. 

5.1.1  Resonator  Design  Results 

In  all,  three  different  classes  of  resonators  were  designed  and  tested: 
cantilevers,  mirror/actuators,  and  combs.  Each  of  these  devices  was  made 
to  resonate,  and  measured.  Experimentation  with  varying  the  Q  and  the 
resonant  center  frequency  was  conducted,  and  yielded  surprising  results. 
This  section  describes  the  results  of  the  experiments. 

5. 1.1.1  RLC  Test  Circuit  Design 

The  RLC  circuit  used  to  verify  the  test  setup  worked  exactly  as 
expected.  A  100  pH  inductor  was  placed  in  parallel  with  a  0.22  pF 
capacitor  and  a  100  KQ  resistor  (component  values  are  nominal).  Since  the 
RLC  circuit  does  not  require  a  vacuum,  a  slightly  modified  test  set-up  based 
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on  Figure  4-7  was  used.  The  RLC  circuit  was  connected  to  the  test  set-up 
using  coaxial  to  2- wire  cables.  The  ground  wires  were  tied  together,  and  the 


RLC  circuit  was  connected  between  the  two  pins  that  correspond  to  the 
center  pins  of  the  coaxial  cable.  The  amplifiers  were  set  to  unity  gain,  and 
no  DC  was  applied.  The  resonant  frequency  results  are  shown  in  Table  5-1 
and  Figure  5-1. 


Table  5-1  -  RLC  Test  Circuit  Results. 


Calculated  Resonant 

33932  Hz 

Observed  Resonant 

35625  Hz 

%  error 

5% 

RBW:  3  KHz  ST:2.11  sec  RAWGiE:R“  0.T“ 

Figure  5-1  -  Measured  resonance  of  RLC  test  device.  The  4195A  displays  all  pertinent 
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information  of  a  plot  in  the  window,  which  can  then  be  printed.  At  top  left,  the  mode 
setting  shows  the  analyzer  is  in  the  network  analyzer  transmission  mode  (T/R).  The  x 
axis  is  in  the  frequency  domain  (in  Hertz).  In  the  lower  right  corner  the  center  frequency 
and  the  span  of  the  current  window  are  specified.  To  determine  the  frequency  per 
division,  divide  the  span  by  10  (the  number  of  divisions  across  the  screen).  In  this  case, 
the  frequency  per  division  is  5  KHz.  The  range  of  the  frequencies  displayed  is  therefore  9 
KHz  to  59  KHz.  The  y  axis  shows  the  gain  (loss)  of  the  magnitude,  trace  (A),  in  dB,  and 
the  change  in  phase,  trace  (B),  in  degrees.  The  reference  settings  (upper  right)  indicate 
the  reference  value  for  the  vertical  divisions  at  the  very  top  of  the  display.  At  lower  left, 
the  units  per  division  for  the  A  and  B  traces  are  displayed.  The  leftmost  value  is  the 
dB/division  for  the  magnitude  trace,  currently  set  to  2  dB/division.  To  the  right  of  that, 
the  degrees/division  for  the  phase  trace  is  displayed,  currently  showing  1 0 
degrees/division.  To  find  the  value  of  the  bottom  peak  of  the  magnitude  curve,  count  the 
divisions  from  the  top  (~7.9),  multiply  by  the  dB/division  (2),  and  subtract  from  the 
reference  level  (2).  This  gives  -13.8  dB.  A  better  way  to  do  this  is  to  simply  place  the 
marker  at  the  peak  and  read  the  value  from  the  marker  section  (top  right).  The  marker 
section  also  displays  the  frequency,  in  this  case  the  resonant  frequency  of  the  RLC 
circuit,  and  the  phase  change  from  the  reference. 


The  small  error  can  be  attributed  to  the  precision  of  the  RLC  circuit 
components  used  (10  %  commercial  tolerance),  the  capacitance  and 
inductance  in  the  test  leads,  and  possibly  calibration  errors  in  the  test 
equipment.  A  five  percent  error  is  a  good  indication  that  the  test  setup  is 
measuring  what  is  intended. 


5. 1.1. 2  Cantilever  Design 

Cantilevers  of  the  three  material  types,  Polyl,  Poly2,  Poly  12,  were 
tested  using  the  setup  of  Figure  4-8  described  in  the  previous  chapter.  All 
of  the  cantilevers  tested  are  from  MUMPs  1 1 .  The  preamp  was  adjusted  to 
a  gain  of  100,  while  the  instrumentation  amplifier  was  set  to  a  gain  of  5. 
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The  4 195 A  source  was  varied  from  -9.7  dBm  to  -1 1.9  dBm  depending  on 
the  length  of  the  cantilever.  The  longer  the  cantilever,  the  smaller  the  drive 
signal  that  was  required.  Also,  Polyl  cantilevers  had  to  be  driven  even  less, 
since  the  gap  between  the  device  and  the  substrate  is  less  than  for  the  Poly2, 
2  vs.  4.75  microns,  and  it  is  not  as  stiff  as  the  Polyl2  cantilevers.  The  drive 
signal  after  amplification  was  less  than  1 .25  Vp.p  for  all  cantilevers  tested. 

Care  must  be  taken  not  to  overdrive  the  cantilevers  or  the  devices  will 
be  damaged.  Along  these  lines,  an  interesting  case  of  van  der  Waals  forces 
in  action  was  noted  during  testing.  If  a  relatively  long  cantilever  was 
slammed  down  with  sufficient  force,  the  van  der  Waals  forces  continued  to 
pull  it  down  along  its  length  in  a  whipping  motion,  evidenced  by  the 
resultant  damage,  that  was  powerful  enough  to  snap  the  beam  off  the  layer  it 
was  suspended  from. 

5.1. 1.2.1  Observing  Cantilever  Resonance 

The  cantilevers  were  tested  using  the  setup  shown  in  Figure  4-8. 
Resonance  was  observed  near  expected  values  as  shown  in  Figure  5-2. 

Both  cantilevers  are  being  driven  with  the  same  drive  signal,  1.25  V  peak  to 
peak,  with  no  DC  bias.  Since  the  Poly  12  cantilever  is  much  more  rigid  than 
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the  Polyl  cantilever,  it  has  less  swing  during  resonance  under  the  same 
drive.  Therefore,  its  return  signal  is  also  smaller.  With  the  given  drive  the 


gain  (dB) 
/phase 
change 
(degrees) 


NETWORK 
A:REF 
20.45 
[  dB 


B:REF  o  MKR  56  249.000  Hz 

-91.95  T/R  20.42B6  dB 

][  deg  ]  e  -92.3377  deg 


RBW:  1  KHz  ST:4.33  sec  RANGE:R=  0,T=  20dBni 


gain  (dB) 
/phase 
change 
(degrees) 


NETWORK  PI  150X50  0VDC 

A:REF  B:REF  o  MKR  51  045,000  Hz 

13.40  -75.00  T/R  12.3694  dB 

C  dB  ][  deg  1  6  -B1.936B  deg 


RBW;  1  KHz  ST:4.33  sec  RANGE : R = -1 0 , T=-l 0dBm 
CENTER=_51045.000  HZ 


Figure  5-2  -  Observed  resonance  of  two  cantilevers.  Top:  A  Poly  12  cantilever,  200 
microns  long  by  50  microns  wide,  has  an  observed  resonance  of 56.249  KHz.  Bottom:  A 
Poly  1  cantilever,  150  microns  long  by  50  microns  wide,  has  an  observed  resonance  of 
51.045  KHz.  Both  cantilevers  are  being  driven  with  the  same  drive  signal,  1.25  V peak  to 
peak,  with  no  DC  bias  and  a  20  mTorr  vacuum.  The  actual  resonance  of  both  beams  is 
actually  twice  the  value  observed  when  taking  into  account  the  frequency  doubling  effect. 
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Poly  12  cantilever’s  observed  resonance  in  very  noisy.  This  can  be 
remedied  by  applying  more  drive.  The  same  drive  value,  however,  is 
sufficient  to  drive  the  Poly  1  cantilever  out  of  the  noise  region. 

Polyl  cantilever  resonances  were  observed  close  to  expected  values 
as  shown  in  Figure  5-3  and  Table  5-2.  Similarly,  Poly2  cantilevers  are 
shown  in  Figure  5-4  and  Table  5-3.  The  dominant  parameter  in  the 
cantilever  resonant  frequency  calculation  is  the  beam  length,  since  it  is  a 
cubic  factor  in  determining  the  spring  constant  in  the  resonance  equation 
(Equation  3-1).  This  is  reflected  in  the  theoretical  calculations,  as  well  as 
observed  resonances. 


Theoretical 


—a— Observed 


Figure  5-3  -  Effect  of  beam  length  on  Polyl  cantilever  resonance.  As  the  length  of  the 
cantilever  is  increased,  the  resonant  frequency  decreases  as  expected  from  Equation  3-2. 
The  results  are  for  a  MUMPs  11  Polyl  cantilever  with  a  50  micron  width  (shown  in 
Figure  4-1 1 )  with  a  constant  1.0  V peak  to  peak  drive  signal,  no  DC  bias,  and  a  20 
mTorr  vacuum.  The  resonance  detected  on  the  4195 A  Network  Analyzer  is  half  of  the 
actual  resonating  frequency  of  the  beam  as  verified  with  a  laser  interferometer. 
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Table  5-2  -  Polyl  Cantilever  Beam  Length  vs.  Resonant  Frequency. 


Beam 

Length 

Theoretical 

Resonance 

(KHz) 

Observed 

Resonance 

(KHz)t 

%  Error 

(Theo-Obs)/Theo 
*  100 

75 

485.1 

683.38 

40.87 

125 

174.6 

187.83 

7.58 

175 

89.1 

102.09 

14.58 

225 

53.9 

59.50 

10.39 

t  The  frequencies  in  this  column  are  the  observed  multiplied  by  2  to 
account  for  the  frequency  doubling  effect. 


P2  Resonant  Frequency  vs.  Beam  Length 


—♦—Theoretical 
—B— Observed 


Figure  5-4  -  Effect  of  beam  length  on  Poly2  cantilever  resonance.  As  the  length  of  the 
cantilever  is  increased,  the  resonant  frequency  decreases  as  expected  from  Equation  3-2. 
The  results  are  for  a  MUMPs  11  Poly2  cantilever  with  a  50  micron  width  with  a  1.25  V 
peak  to  peak  drive  signal,  no  DC  bias,  and  a  20  mTorr  vacuum..  The  resonance  detected 
on  the  4 195 A  Network  Analyzer  is  half  of  the  actual  resonating  frequency  of  the  beam  as 
verified  with  a  laser  interferometer. 


5-8 


Table  5-5  -  Poly2  Cantilever  Beam  Length  vs.  Resonant  Frequency. 


Beam 

Theoretical 

Observed 

%  Error 

Length 

Resonance 

Resonance 

{Theo-Obs)/Theo 
*  100 

(KHz) 

(KHz)  t 

150 

91.0 

83.45 

8.30 

200 

51.2 

57.73 

12.75 

225 

40.4 

30.72 

23.96 

1'  The  frequencies  in  this  column  are  the  observed  multiplied  by  2  to 
account  for  the  frequency  doubling  effect. 

Several  factors  can  be  cited  for  the  error  between  theoretical  and 
observed  resonance.  Placement  of  probes  on  the  test  pads  has  a  significant 
effect  on  the  resonance.  Where  and  how  the  probes  are  place  can  change 
the  resonance  observed  on  the  network  analyzer  up  to  10%.  This  is  most 
likely  caused  by  the  stress  placed  on  the  materials  at  different  points,  and 
the  capacitance  of  the  probes.  Likewise,  capacitive  loading  of  the  device  by 
external  connections  and  test  equipment  may  also  be  a  factor  in  the 
disagreement,  since  the  capacitance  of  the  devices  being  measured  is  very 
small,  measured  in  femto  Farads,  and  the  capacitances  of  the  external 
connections  are  orders  of  magnitude  greater. 
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5.1. 1.2.2  Varying  Cantilever  Resonance 


As  discussed  in  Chapter  3,  the  width  of  the  cantilever,  b,  is  only  a 
factor  in  determining  Q,  not  the  resonant  frequency.  This  suggests  that  the 
width  of  the  beam  has  no  effect  on  resonance.  However,  experimentally 
this  was  shown  not  to  be  completely  accurate.  Changing  the  width  varies 


P2  Resonant  Frequency  vs.  Beam  Width 


— ♦~P2  150  micron  length 
-B— P2  225  micron  length 


P12  Resonant  Frequency  vs.  Beam  Width 


Beam  Width  (microns) 


I  — P12  200  micron  l^en^h 


Figure  5-5  -  Effect  of  beam  width  on  cantilever  resonance.  As  the  width  of  the  beam 
increases,  the  resonance  frequency  increases.  This  is  not  modeled  in  the  resonant 
frequency  equation  (Equation  3-2)  for  cantilevers,  and  appears  to  have  greater  affect  on 
longer  beams.  All  cantilevers  are  from  the  MUMPs  11  die.  All  devices  were  driven  with 
a  0.8  V peak  to  peak  drive  signal,  with  no  DC  bias,  in  a  20  mTorr  vacuum. 
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the  resonance  slightly.  Figure  5-5  shows  the  effect  of  varying  the  width  of 
the  cantilever.  The  effect  is  small  relative  to  the  actual  resonance  of  the 
beam,  but  should  be  taken  into  consideration.  Interestingly,  varying  beam 
width  seems  to  affect  longer  beam  more  than  shorter  ones.  This  can  be 
explained  in  terms  of  added  stiffness.  Since  the  shorter  beams  are  already 
more  rigid  than  longer  beams,  adding  more  width  only  increases  the 
stiffness  of  the  shorter  beams  slightly.  Conversely,  the  longer  beams  are 
relatively  more  flexible,  and  increasing  the  beam  width  increases  their 
rigidity  more  significantly.  Since  the  resonant  frequency  is  directly 
proportional  to  the  beam  stiffness,  the  more  rigid  a  beam  is,  the  higher  its 
resonance. 

The  more  interesting  result  is  the  effect  of  DC  bias  on  resonant 
frequency.  As  demonstrated  in  Figure  5-6,  the  resonance  of  a  cantilever  can 
be  tuned  significantly  by  superimposing  a  DC  bias  on  the  drive  source.  The 
cantilever  can  be  tuned  through  a  span  of  over  16  KHz  with  a  23  volt  bias. 
At  24  volts,  however,  the  cantilever  is  slammed  down.  Operating  close  to 
this  region  is  not  recommended.  Transients,  like  those  generated  when  the 
air  table  compressor  turns  on,  will  cause  the  device  to  slam  down  if 
operating  near  the  region  of  instability. 
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The  reason  for  this  effective  tunability  can  be  found  in  the  equation 
for  capacitance  (Equation  3-5).  As  the  DC  bias  value  is  increased,  the 
distance  between  the  plates  decreases.  Since  the  capacitance  is  inversely 
proportional  to  this  distance,  the  capacitance  increases.  However,  the 
resonant  frequency  is  inversely  proportional  to  the  capacitance,  therefore 
the  resonant  frequency  decreases.  After  a  certain  point,  the  force  down  on 
the  beam  caused  by  the  DC  bias  and  drive  signal  is  greater  than  the  upward 
force  of  the  springs,  and  the  beam  slams  down. 


P12  Cantilever  Resonant  Frequency  vs.  DC  Bias 


-B— Resonant  Frequency 


Figure  5-6  -  Effect  of  DC  bias  on  cantilever  resonance.  As  the  DC  bias  superimposed 
on  the  drive  signal  is  increased,  the  resonant  frequency  of  the  cantilever  decreases 
exponentially.  The  device  is  a  Poly! 2  cantilever,  200  microns  long  by  50  microns  wide 
driven  with  a  constant  1.25  V peak  to  peak  drive  signal  in  a  20  mTorr  vacuum.  Voltages 
greater  than  23  volts  cause  the  cantilever  to  contact  the  substrate. 
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5. 1.1.3  Mirror/A  ctuator  Design 


Similar  to  cantilevers,  mirrors  and  actuators  can  be  resonated 
perpendicular  to  the  substrate.  When  used  as  resonators,  there  is  no 
difference  between  an  actuator  and  a  mirror.  Both  are  simply  masses 
suspended  by  springs.  Resonance  was  observed  on  over  75  individual 
actuators  using  the  set-up  shown  in  Figure  4-8.  The  observed  resonances 
were  very  close  to  the  predicted  values,  validating  both  the  equations  used 
to  determine  the  resonance  and  the  process  used  to  implement  the  devices. 
Additionally,  over  30  resonance  measurements  on  three  devices  were 
conducted  as  the  DC  bias  was  varied  using  the  same  set-up. 

Three  types  of  actuators  were  tested.  One  is  a  two  flexure  actuator 
with  flexure  lengths  of  88  microns.  The  other  two  are  four  flexure 
actuators  with  86  and  147  micron  lengths.  Each  type  has  five  different 
flexure  widths:  1.0,  1.25,  1.5,  1.75,  and  2.0  microns.  The  actuators  are 
labeled  PA,  for  piston  actuator,  followed  by  the  number  of  flexures,  the 
material  of  the  top  plate,  and  the  width  of  the  actuator.  For  example, 
PA2P1_1.0  is  a  2  flexure  piston  actuator  with  a  top  plate  made  of  Polyl, 
and  a  flexure  width  of  1.0  microns.  For  the  four  flexure  actuators,  the  86 
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micron  length  flexure  length  actuators  have  an  additional  element  in  the 
label,  “shrt”,  to  distinguish  them  from  the  147  micron  length  actuators  (i.e.; 
PA4Pl  _1.0_shrt).  All  of  the  actuators  tested  are  MUMPs  12  AFIT2  die 
designed  by  Major  Bill  Cowan. 

5.1. 1.3.1  Observing  Actuator  Resonance 

Resonance  of  actuators  was  observed  in  the  frequency  range  of  44 
KHz  to  127  KHz.  Figure  5-7  shows  the  resonant  waveform  of  two  actuators 
using  the  setup  described  in  Figure  4-8.  Notice  that  the  waveform  of  the 
two  flexure  actuator  (labeled  PA2P1_1.0)  has  two  resonances.  The  reason 
for  this  is  that  the  two  flexures  have  slightly  different  lengths  as 
implemented.  Some  of  the  actuators  tested  showed  even  greater  frequency 
variations  between  the  resonant  peaks  of  different  flexures.  This  can  be 
accounted  for  by  slight  differences  in  the  way  the  flexures  were  drawn  in 
Cadence.  When  measuring  resonance  of  the  actuators  with  multiple 
resonances,  the  most  predominant  resonance  was  used.  In  the  case  of 
multiple  resonances  of  comparable  size,  then  the  first  resonance  was  used. 
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Figure  5-7  -  Observed  actuator  resonance.  The  resonance  of  two  and  four  flexure 
actuators  is  observed  on  the  4 195 A  network  analyzer.  The  source  voltage  was  set  to  0.8 
V peak  to  peak,  with  no  DC  bias  voltage  applied,  inside  a  20  mTorr  vacuum.  The  2 
flexure  actuator  (top)  demonstrates  the  effect  of  slight  differences  in  the  flexures. 
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5.1. 1.3.2  Varying  Mirror/Actuator  Resonance 


Excellent  results  were  obtained  working  with  actuators.  Figure  5-8 
and  Table  5-4  shows  the  actual  verses  theoretical  change  in  resonance  when 
the  flexure  width  of  a  PA2P1  actuator  was  varied.  The  error  averaged  about 
1 0%,  which  is  very  good  considering  the  variables  involved.  The  chief 
contributor  to  this  error  is  most  likely  that  the  flexures  were  modeled  as 
straight  beams,  when  in  fact  they  include  bends.  The  theoretical  length  was 
calculated  on  the  straight  portion  of  the  beams,  ignoring  a  small  portion  of 
the  beam  after  the  bend.  The  actuators  are  from  MUMPs  1 2,  and  were 
driven  with  a  0.3  V  peak  to  peak  signal  with  no  DC  bias  applied. 
Surprisingly,  the  1.0  and  1.25  micron  width  flexures  had  resonances  further 
apart  than  expected.  The  values  should  be  closer  together,  since  AFIT 
students  have  shown  that  there  is  little  to  no  difference  in  the  implemented 
size  of  these  widths.  The  MUMPs  design  rules  state  that  the  minimum 
width  of  these  flexures  should  not  be  less  than  2.0  microns.  However,  in  the 
time  honored  Air  Force  custom  dating  back  to  the  days  of  Chuck  Yeager, 
pushing  the  limits  of  the  design  rules  proved  them  to  be  conservative.  The 
error  for  the  1 .25  width  flexures  then  is  actually  greater  than  recorded.  As 
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with  cantilevers,  probe  placement  is  one  possible  explanation  for  the 
disparity. 


PA2P1  Resonant  Frequency  vs.  Flexure  Width 


■h — Theoretical 

. Observed  Average 

o  Data  Point 


Figure  5-8  -  Effect  of flexure  width  on  two  flexure  actuator  resonance.  The  resonance 
of  the  two  flexure  actuators  with  88  micron  length  flexures  is  measured  for  five  flexure 
widths,  ranging  from  1.0  to  2.0  microns.  The  source  voltage  was  set  to  0.8  V  peak  to 
peak,  with  no  DC  bias  voltage  applied,  inside  a  20  mTorr  vacuum. 


Table  5-4  -  PA2P1  Flexure  Width  vs.  Resonant  Frequency. 


■Tlickness(rricrons) 

■rrBoFtes(Kl-k) 

AiiEtoi 

MuAotZ  !AlUEta3  IAiuia4 

AiuicrS 
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%BTDr 
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56.25 

51.4 

£24 

53.15 

53.4 

5265 

5260 

6.488889 

1.25 

6289 

56.15 

57.15 

56.9 

56.9 

56.65 

56.75 

9.763078 

1.50 

68.89 

6215 

6265 

61.4 

6265 

6265 

6230 

9.565975 

1.75 

74.41 

66.65 

66.65 

65.65 

66.4 

66.25 

10.96627 

200 

79.55 

69.9 

69.9 

69.65 

69.9 

69.65 

69.80 

1225644 

The  results  for  the  four  flexure  actuators,  shown  in  Figure  5-9  and 


Tables  5-5  and  5-6,  on  the  other  hand,  reflect  the  1.0  -  1.25  flexure  width 
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Flexure  Width  as  Drawn  (microns) 


-it — Theoretical 
•  •  -  •  Obseved  Average 
o  Data  Point 


Figure  5-9  -  Effect  of flexure  width  on  four  flexure  actuator  resonance.  The  resonance 
of  the  four  flexure  actuators  with  147  micron  (top)  and  86  micron  (bottom)  length 
flexures  is  measured  for  five  flexure  widths,  ranging  from  1.0  to  2.0  microns 


Table  5-5  -  PA4P 1  _SHRT Flexure  Width  vs.  Resonant  Frequency. 


Flexure  Width 

Theo  Res  (KHz) 

Actuatorl 

Actuator2 

Actuator3 

Actuator4 

Actuators 

Obs  Ave  Res  (Khz 

%  Error 

1.00 

85.63 

86.325 

84.575 

87.325 

88.075 

88.075 

86.88 

1.45393 

1.25 

95.74 

90.65 

92.125 

91.75 

91.675 

91.6 

91.56 

4.365991 

1.50 

104.9 

102.9 

109.375 

108.3 

107.9 

107.55 

107.21 

2.197331 

1.75 

113.3 

126.45 

127.025 

127.075 

126.65 

126.80 

11.91527 

2.00 

121.1 

126.8 

127.75 

127.125 

127.45 

125.325 

126.89 

4.781173 
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Table  5-6  -  PA4P1  Flexure  Width  V5.  Resonant  Frequency. 


RexureWdth 

TheoRes(KHz) 

Actuatorl 

Actuator2 

AduatotO 

Actuator4 

AdiatorS 

bsAveRes(KH 

%  Error 

1.00 

42.14 

44.795 

44.815 

44.485 

44.48 

44.36 

44.59 

5.806834 

1.25 

47.11 

45 

42.35 

44.9 

46.075 

47.25 

45.12 

4.23477 

1.50 

51.61 

48.35 

51.25 

52.7 

51.975 

53.85 

51.63 

0.029064 

1.75 

55.75 

57.537 

55.937 

57.4 

56.9 

55.775 

56.71 

1.721614 

2.00 

59.6 

61.375 

61.625 

61.75 

61.7 

59.825 

61.26 

2.776846 

anomaly.  It  is,  in  fact,  very  pronounced  for  the  PA2P1  actuators.  Even  so, 
the  error  for  all  these  actuators,  was  very  low.  The  only  exception  is  the 
PA4P1_SHRT_1.75  actuators.  While  the  data  for  the  five  actuators  is  very 
close,  it  is  12%  off  the  theoretical  value.  Again,  this  is  most  likely  caused 
by  probe  placement. 


Actuator  Resonant  Frequency  vs.  DC  Bias 


PA4P1_SHRT_2.0 
PA2P1_2.0 
PA4P1  2.0 


Figure  5-1 0  -  Effect  of  DC  bias  on  actuator  resonance.  Similar  to  the  effect  on 
cantilever  resonance,  a  DC  bias  superimposed  on  a  constant  0.3  V peak  to  peak  drive 
signal  causes  the  resonance  frequency  to  drop  as  the  DC  voltage  is  increased. 
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The  effect  DC  bias  has  on  resonance,  demonstrated  with  cantilevers, 


is  also  apparent  in  actuators.  Figure  5-10  and  Table  5-7  depict  the  changes 


in  resonance  as  DC  bias  is  increased.  This  follows  the  capacitance 


argument  presented  in  the  cantilever  section. 


Table  5-7  -  DC  Bias  v.s.  Resonant  Frequency. 
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56.5 
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13 
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14 
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17 
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18| 

118.45 

19 

117.35 

20 

115.9 

21 

114.55 

22 

11245 

23 

100.8 

24 

106.7 

5. 1.1. 4  Comb  Design 

Much  success  was  attained  using  comb  resonators.  They  were  the 
first  devices  successfully  operated  and  measured.  Since  the  drive  signal  can 
be  much  higher  than  the  other  devices  tested,  so  is  the  sensed  output.  These 
devices  were  used  to  develop  the  implemented  test  setups. 
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5.1. 1.4.1  Observing  Comb  Resonance 


Resonance  was  observed  with  a  MUMPs  13  comb  fairly  close  to  the 


theoretical  expectation.  The  theoretical  resonance  was  calculated  to  be 


approximately  25  KHz.  The  observed,  shown  measured  with  the  network 
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Figure  5-11  -  Observed  resonance  of  comb.  A  MUMPs  13  comb  with  resonance 
observed  at  19.46  KHz.  The  drive  voltage  was  set  to  2.25  V peak  to  peak,  with  a  bias  of 
15  VDC  in  20  mTorr  vacuum. 

analyzer  in  Figure  5-11,  is  approximately  19.5  KHz.  The  percent  error  is 
computed  to  be  22  %.  There  are  several  reasons  this  error  is  somewhat 
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large.  First,  when  calculating  the  theoretical  value,  the  effects  of  vertical 
oscillations  were  ignored.  Also,  the  mass  and  spring  constant  were 
determined  from  the  design  as  drawn.  The  large  amount  of  perimeter  area 
(e.g.:  the  comb  fingers)  is  much  more  susceptible  to  over-etching  compared 
to  cantilevers  and  mirrors.  Also,  there  was  only  one  design  type  for  combs 
on  the  runs  received  to  date,  so  it's  difficult  to  arrive  at  any  conclusion  on 
the  limited  data.  Tests  on  MUMPs  15  will  yield  more  results  when  the  die 
arrives. 

5.1. 1.4.2  Varying  Comb  Resonance 

The  DC  voltage,  applied  across  the  drive  and  ground,  was  varied  and 
the  resonance  measured  using  procedures  of  Table  4-4.  The  results  are 
plotted  in  Figure  5-12  using  the  same  device  whose  resonance  was  shown  in 
Figure  5-11.  The  source  was  kept  constant  at  2.25  V  peak  to  peak,  and  the 
DC  bias  was  adjusted  until  the  operation  of  the  device  became  nonlinear,  as 
shown  in  Figure  5-14. 

By  changing  the  DC  bias  applied  across  the  drive  and  ground  pads, 
the  center  frequency  was  shifted  down  several  Hertz.  This  is  small 
compared  to  the  shift  realized  with  cantilevers  and  actuators,  but  may  also 
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Comb  Resonant  Frequency  vs.  DC  Bias 
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Figure  5-12  -  Effect  of  DC  bias  on  MUMPs  13  comb  resonance.  As  DC  bias  is 
increased  from  5  to  20  V,  while  keeping  the  signal  source  constant  at  2.25  V  peak  to 
peak,  the  resonant  frequency  of  the  comb  is  shifted  down  approximately  4  Hz. 
Measurements  conducted  in  a  20  mTorr  vacuum. 


Table  5-8  -  Observed  Resonance  of  MUMPs  13  Comb. 


DC  Bias 
(VDC) 

Observed 

Resonance 

(KHz) 

5 

19.460 

10 

19.460 

15 

19.459 

20 

19.457 

prove  useful  if  only  small  changes  are  required.  The  reason  this  change  is 
much  smaller  than  observed  with  the  other  devices  is  due  to  the  comb  being 
a  horizontal,  not  vertical,  actuator.  Since  the  capacitance  of  the  device  is  a 
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function  of  the  overlap  of  the  fingers,  not  in  the  distance  between  parallel 
plates,  pulling  the  top  plate  down  slightly  only  affects  the  finger  overlap 
slightly,  and  therefore  only  has  a  small  effect  on  the  resonance. 

5.1.2  Varying  the  Q  of  the  MEMS  devices 

As  discussed  in  Chapter  3,  the  width  of  the  cantilever,  b,  is  a  factor  in 
determining  Q.  Yet,  since  the  amount  of  width  change  was  relatively  small, 
from  10  microns  to  50  microns,  no  observable  change  of  Q  was  detected 
using  this  method. 

The  most  significant  parameter  in  determining  Q  is  the  vacuum  level. 
It  was  observed  that  as  the  vacuum  was  decreased,  a  rapid  widening  of  the 
resonance  curve  took  place.  Since  rapidly  changing  the  vacuum  is  not 
feasible  in  a  functioning  system,  this  avenue  was  not  explored  further. 

The  Q  of  the  overall  system  using  these  extremely  high  Q  devices  can 
be  made  anything  the  designer  wants.  By  placing  these  devices  spectrally 
close  together,  and  driving  them  independently,  virtually  any  kind  of  tuning 
curve  can  be  imitated. 
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5.1.3  Non-Linear  Operation  of  MEMS  Devices 


All  of  the  devices  displayed  usual  linear  behavior  with  low  drive 
source  and  bias,  but  when  overdriven  the  devices  demonstrated  a  non-linear 
characteristic,  as  shown  in  Figure  5-13.  This  non-linear  operation  had  a 
hysteresis 
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Figure  5-13  -  Nonlinear  operation  of  a  MUMPs  1 1  Polyl2  cantilever.  A  Polyl2  beam 
of 200  micron  length  and  20  micron  width  is  driven  into  nonlinear  operation  by  a  1.25  V 
peak  to  peak  signal.  No  DC  bias  is  applied. 


associated  with  it,  which  was  explained  by  the  Duffing  Equation  (Equation 


3-7). 
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Figure  5-14  -  Nonlinear  operation  ofMUMPs  13  comb.  The  comb  is  overdriven,  with  a 
2.25  V peak  to  peak  signal  and  21  VDC  in  a  20  mTorr  vacuum,  giving  a  squared  off 
response  curve  as  seen  above  (top).  When  the  sweep  is  reversed,  and  the  signal  drive 
voltage  and  DC  bias  remaining  constant,  only  the  center  frequency  is  displayed  (bottom). 
This  is  due  to  the  hysteresis  of  the  device  when  operated  nonlinearly. 


Figure  5-14  depicts  the  nonlinear  operation  observed  while 
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overdriving  a  MUMPs  13  comb.  As  the  device  is  overdriven,  the  peak 
bends.  When  the  drive  signal  sweep  is  changed  to  a  downsweep,  the 
expected  resonance  waveform  is  displayed. 

5.1.4  SmartMUMPs  Testing 

A  series  of  equipment  problems,  some  due  to  severe  hurricane 
weather  on  the  east  coast  where  the  MCNC  foundry  is  located,  delayed 
delivery  of  the  SmartMUMPs  chips  on  time  for  inclusion  into  this  thesis. 
These  delays  have  also  pushed  back  the  delivery  date  of  MUMPs  15. 
Follow-up  research  should  include  the  results  of  the  devices  on  the 
SmartMUMPs  and  MUMPs  1 5  runs. 

5.1.5  Cochlear  Model  Results 

Previous  cochlear  models  have  been  limited  by  the  low  Q  of 
contemporary  electronic  devices.  With  the  addition  of  driven  MEMS 
devices  much  has  changed.  These  devices,  high  Q  in  nature,  with  the  ability 
to  be  tuned  with  a  simple  DC  bias,  could  change  the  way  the  cochlea  is 
presently  modeled. 

The  new  model,  shown  in  Figure  5-15,  is  a  series  of  sections 
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composed  of  MEMS  devices  and  drive/sense  electronics,  each  section  with 
a  presumed  one  to  one  correspondence  with  the  basilar  sections.  Each 
MEMS  device  is  designed  to  a  unique  resonant  frequency  in  the  auditory 
range.  Each  is  initially  biased  midway  of  its  linear  operating  region  for 
maximum  frequency  swing  on  either  side  of  the  spectrum.  A  voltage 
limiting  device,  not  shown  in  the  figure,  may  be  required  to  keep  the 
devices  from  being  damaged.  This  device  would  be  placed  between  the 
incoming  sound  source  and  the  individual  MEMS  devices,  one  per  device. 
This  would  also  be  representative  of  the  function  of  the  cochlear  fluid. 
Before  the  sound  signal  is  introduced,  the  microprocessor  polls  all  the 
devices,  developing  a  baseline  that  it  uses  for  all  subsequent  decisions. 

When  the  microprocessor  has  completed  the  baseline,  the  sound 
signal  is  applied  to  all  of  the  sections  simultaneously.  The  microprocessor 
polls  the  devices  to  determine  the  resonances  of  the  applied  sound  signal.  It 
then  makes  decisions  regarding  which,  if  any,  frequencies  it  wants  to  focus 
on.  DC  bias  is  then  altered  to  the  devices  neighboring  the  frequencies  of 
interest,  effectively  retuning  the  adjacent  sections. 

Since  all  the  data  to  and  from  the  Analog  to  Digital  and  Digital  to 
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Analog  converters  are  latched,  the  state  of  the  cochlea  can  be  modified  and 


sampled  for  any  instance  of  time. 


Figure  5-15  -  Artificial  Cochlea  Designed  with  MEMS.  A  series  of  MEMS  devices  is 
used  to  model  the  micromechanics  of  the  basilar  membrane.  Ideally,  the  MEMS  devices 
are  on  a  one  to  one  basis  with  the  sections  of  the  basilar  membrane.  Sound  is  applied  to 
all  the  sections  under  the  control  of  the  microprocessor  program.  Each  section  is  then 
polled  to  determine  if  it  is  in  resonance.  The  microprocessor,  acting  as  the  brain,  can 
then  tune  the  sections  not  in  resonance  via  a  DC  tuning  voltage,  to  assist  the  resonant 
sections. 
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5,2  Discussion 


5.2.1  Designing  a  Better  Resonator 

The  Poly2  cantilever  and  comb  resonators  were  resonant  in  the  upper 
auditory  range.  However,  none  of  the  resonators  as  designed  operated  in 
the  lower  auditory  range.  The  problem  is  one  of  increasing  the  mass  of  the 
device,  while  lowering  its  spring  constant.  To  build  a  cantilever  that 
resonates  at  500  Hz  using  the  highest  density  materials,  a  Poly2/gold 
sandwich,  with  the  largest  possible  gap  to  keep  the  structure  from  touching 
the  substrate,  would  require  the  length  to  be  over  1200  microns.  It  was 
determined  experimentally  that  structures  over  300  microns  stick  down 
without  being  driven.  Making  the  beam  wider  allows  them  to  be  longer 
also,  but  only  slightly.  Another  possible  solution  would  be  to  make  the 
cantilevers  tapered.  That  is,  start  with  a  wide  beam  at  the  base  and 
gradually  decrease  the  width  until  it  comes  to  a  point  (triangular  shaped). 
Still  another  possible  solution,  is  to  design  a  cantilever  that  operates  close  to 
the  lower  auditory  range,  and  use  DC  bias  to  further  tune  the  device  as 
demonstrated  earlier. 
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To  resonate  at  500  Hz,  a  hex  mirror  would  have  to  have  500  micron 


sides,  and  300  micron  flexures.  This  structure,  given  the  current  process, 
would  be  stuck  down  by  its  own  weight.  Other  mirror  designs  that  resonate 
at  this  fi-equency  range  may  be  possible. 

It  is  theoretically  possible  to  have  a  comb  drive  resonate  at  these  low 
frequencies.  A  comb,  twice  as  long  as  the  one  tested,  made  of  Poly  1,  Poly2, 
oxide,  and  topped  with  gold,  with  1  micron  by  300  micron  supports  would 
have  a  detectable  resonance  close  to  500  Hz.  The  actual  resonance  would 
be  twice  the  detected  resonance.  A  multitude  of  comb  designs  were 
submitted  in  MUMPs  15,  but  have  not  yet  been  fabricated.  Besides  the 
ability  to  resonate  at  low  frequencies  combs  have  other  advantages. 

The  most  difficult  task  in  working  with  resonators  at  the  micron  scale 
is  in  electrically  detecting  when  the  device  is  in  resonance.  Combs  offer 
two  very  significant  advantages  over  the  other  designs  considered  in  this 
respect.  The  first  advantage  is  that  resonance  can  be  observed  visually. 

This  is  important  in  that  the  designer  of  the  detection  circuit  has  immediate 
and  clear  feedback  as  to  the  operation  of  the  sensing  circuit.  The  second, 
and  equally  important  advantage,  is  that  the  comb  resonator  can  be  driven 
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much  more  than  the  other  devices  considered,  and  therefore  has  a  much 
larger  sensed  signal.  It  is  difficult  to  slam  a  comb  down,  compared  to  the 
ease  of  doing  so  with  cantilevers. 

The  major  disadvantage  of  comb  resonators  is  their  size.  Compared 
to  a  cantilever,  a  comb  is  massive.  Also,  they  do  not  have  the  tunability 
demonstrated  by  cantilevers  with  small  changes  in  DC  voltage. 

5.2.2  Updating  the  Cochlear  Model 

As  described  earlier,  the  theory  that  the  Q  of  basilar  membrane  varies 
dependent  on  the  input  is  commonly  accepted.  Von  Bekesy  described  very 
low  Q  resonance  basilar  membrane  characteristics  in  his  experiments  with 
cadavers.  Conversely,  experiments  with  live  primates  using  Mdssbauer 
methods  have  shown  very  high  Q  basilar  membrane  behavior.  One  way  to 
explain  this  would  be  to  cite  for  cadavers  the  absence  of  some  metabolically 
based  neuronal  function  controlling  the  cochlea  with  complex  AC  control 
signals  acting  as  a  positive  feedback  system  [2,26].  A  simpler,  and  possibly 
more  accurate  hypothesis,  would  be  the  loss  of  a  DC  polarization  voltage 
upon  death. 
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A  new  approach  to  describing  what  may  actually  be  occurring  is  to 
consider  the  basilar  membrane  as  a  series  of  tunable  resonators  with 
constant  Q.  The  resonators  are  tuned  with  simple  DC  bias  changes,  versus 
complex  AC  waveform  positive  feedback.  By  using  local  recruitment,  a 
sharpened  tuning  curve,  similar  to  that  observed  in  the  living  cochlea,  can 
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Figure  5-16  -  Revised  model  of  the  cochlea. 


be  produced.  Figure  5-16  illustrates  the  new  tuning  model.  The  cochlea  is 
untuned  until  sound  presents  itself.  Then,  cochlear  sections  closest  to  the 
specific  frequencies  of  the  incoming  sound  retune  to  match  the  sound.  The 
retuning  results  from  simple  bias  adjustments,  rather  than  complex  AC 
feedback.  For  someone  looking  at  the  overall  effect,  it  would  appear  that 
the  Qs  of  the  sections  are  changing  dependent  on  incoming  sound 
waveform,  but  upon  closer  inspection,  local  recruitment  and  retuning  are 
responsible.  This  could  be  interpreted  as  the  observed  section  varying  Q  if 
retuning  was  not  considered. 
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Chapter  6 


6.  Conclusions  and  Recommendations 

This  chapter  summarizes  the  conclusions  of  the  research  conducted 
for  this  thesis.  Suggested  follow-on  work  and  applicability  of  the  research 
conducted  into  other  fields  is  also  presented. 

6.1  Conclusions 

Two  main  research  efforts  were  conducted.  The  first  was  a  search  for 
MEMS  devices  that  were  suitable  to  act  as  resonators.  Three  such  devices 
were  designed,  implemented  and  characterized:  cantilevers,  combs,  and 
mirror/actuators.  To  facilitate  testing,  two  new  setups  were  devised.  These 
test  setups  proved  to  be  accurate  and  reliable.  Using  these  test  set-ups,  all 
three  devices  were  shown  to  resonate  close  to  their  designed  values.  The 
resonant  frequencies  of  these  devices  were  also  shown  to  vary  with  an 
applied  DC  bias.  This  enables  them  to  serve  as  tunable  resonators.  There 
are  many  applications  for  these  tunable  resonators,  especially  since  they  are 
extremely  high  Q.  These  devices  were  also  demonstrated  to  act  nonlinearly 
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when  the  applied  drive  was  too  large.  The  nonlinearity  was  shown  to  have  a 
hysteresis,  described  by  the  Duffing  Equation. 

The  second  research  area  was  the  human  auditory  system,  particularly 
the  cochlea.  The  objective  was  to  perform  the  necessary  preliminary  design 
to  build  an  artificial  cochlea,  so  that  future  efforts  can  realize  the  goal  of 
building  a  working  artificial  cochlea  that  accurately  reproduces  the  natural 
cochlea’s  response  to  sound.  Using  the  knowledge  gained  from  observing 
working  micro-mechanical  resonators,  a  new  cochlear  mechanics  model 
was  suggested.  The  observation  that  retuning  local  basilar  sections  would 
appear  the  same  to  an  outside  observer  as  changing  the  damping  of  the 
basilar  membrane.  The  damping  theory  is  what  current  models  rely  on,  but 
the  retuning  method  is  much  more  elegant  and  natural.  The  new  model 
relies  on  simple  bias  changes  and  local  recruitment  to  tune  the  cochlea,  as 
opposed  to  the  complex  signal  feedback  expressed  in  current  models.  The 
addition  of  a  computer  controller  is  also  a  major  advance,  since  it  directly 
models  the  presumed  active  control  of  the  brain.. 

An  artificial  cochlea  designed  with  MEMS  appears  feasible.  While  it 
is  too  early  to  judge,  the  results  of  this  work  may  affect  the  field  of  auditory 
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research  and  various  other  fields  that  rely  upon  it.  It  is  exciting  to  think  that 
cochlear  modeling  has  just  taken  a  giant  leap  with  the  introduction  of  these 
tiny  electro-mechanical  devices,  called  MEMS.  Their  characteristic  high  Q, 
and  their  ability  to  be  tuned  with  a  simple  DC  voltage,  may  model  some 
crucial  aspects  of  the  live  cochlea.  The  fact  that  they  are  mechanical 
devices  and,  if  properly  placed  and  biased,  can  react  to  movements  of 
neighboring  devices  supports  the  theory  of  local  recruitment. 

The  results  of  this  thesis  are  only  a  building  block  for  future  work.  It 
was  shown  that  an  artificial  cochlea  designed  with  MEMS  has  significant 
advantages  over  contemporary  designs.  The  ability  to  dynamically  retune 
the  cochlea  may  give  a  new  explanation  to  an  old  problem. 

6.2  Recommendations  for  Future  Work 

The  logical  follow  on  to  the  work  presented  here  is  to  build  a  working 
model  of  the  cochlea  utilizing  the  MEMS  devices  described.  This  device 
can  then  used  to  further  the  knowledge  of  the  workings  of  the  auditory 
system,  and  may  one  day  lead  to  a  myriad  of  technological  advances. 

Further  steps  required  toward  that  end  include  further  improving  the 
resonators  used,  and  implementing  a  vacuum  packed  multi-chip  module 
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with  MEMS  resonators  and  the  associated  drive  and  sense  circuits.  The 
testing  of  the  MEMS  devices  can  be  further  enhanced  by  programming  the 
4 195  A  to  automatically  seek  out  the  resonance  of  the  device  under  test,  and 
by  building/procuring  a  vacuum  chamber  specifically  suited  for  wire-boned 
MEMS  chips. 

The  MEMS  devices  described  in  this  thesis  can  be  used  to  implement 
many  other  devices.  They  can  be  substituted  for  electronic  resonators  in  a 
multitude  of  electronic  systems,  wherever  high  Q  is  a  concern.  For 
instance,  they  could  be  used  to  implement  a  spectrum  analyzer  on  a  chip, 
radio  and  television  tuners,  sensors,  etc.  In  the  area  of  electronic 
transmission,  where  an  overcrowded  spectrum  requires  better  frequency 
management,  tunable  high  Q  MEMS  resonators  could  be  used  to  implement 
high  quality  transmitters  and  receivers,  possibly  enabling  a  tighter  use  of  the 
frequency  spectrum. 

Potential  military  applications  of  MEMS  resonators  in  the  area  of 
electronic  communication  supporting  IFF,  TACAN,  GPS,  targeting,  etc.  are 
innumerable.  Likewise,  sound  related  applications  of  an  implemented 
artificial  cochlea  will  lead  us  into  the  21st  century. 
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Appendix  A  -  Theoretical  Calculations  Using  MathCad 


Poly  12  Cantilevers 

E  :=169-10®  Pa 

tp  ;  =  4.25-10-®m 
X  =1.875104 

pp  :  =  2.3-10^-^ 


Young's  Modulus 

Thickness  of  Poly  12 
Eigenvalue  for  simple  beam 

Density  of  Polysilicon 


Function  to  calculate  the  %  Error 
T  is  the  theoretical  value 
O  is  the  observed  value 
T-  O 

Error(T,0)  = 


The  two  methods  for  calculating  the  resonant  frequency: 
fl  uses  Equation  3 -XX,  and  ignores  the  width  of  the  beam. 
f2  uses  Equation  3 -XX,  and  also  takes  into  account  the  width  of  the  beam 
(however,  this  has  no  effect  since  w  is  a  term  in  both  k  and  M,  and  is  therefore 


f2(l,w) 


,  E-w(tp)3 
“ — 1^ 
M«- w-l-tp-pp 
1 

2-71 


225  X  50  p  Half  of  the  cantilevers  label  P12  200  have  actual  lengths  (as  drawn)  of  225 
microns 

1  :  =  225-10'^-m  w:=50-10'^-m 

n(l)  =  1.162*  10^ -sec''  f2(l,w)  =  1.145*  10^*sec“’ 

225  X  40  p 

1  :  =  225-10-^-m  w;  =  40-10^-m 

fl(l)  =  1.162*  10^  *sec“'  f2(l,w)  =  1.145*10^*sec"' 

225  X  30  p 

1  :  =  225-10'^-m  w:  =  3010-^-m 

fl(l)  =1.162*10^*sec^'  f2(l,w)  =1.145*10^*sec  ' 

Note  that  the  width  has  no  effect  on  the  calculated  value  of  resonance,  but  does  effect  real 
cantilevers 
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225  X  20  |j. 

1  =225-10"^-m  w  :  =  40-10“^-ni 

fl(l)  =1.162*10^*sec“'  f2(l,w)  =1.145*10^*sec 

225  X  10  |i 

1  :  =  225-10-®-m  w:=30-10'^-m 

fl(l)  =1.162*10^-sec  '  f2(I,w)  =  1.145*  10^'sec 
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set  up  range  and  granularity 


rl  :=10-10-^-m  r2  :  =  350-10-®m  n  :=l  1  :  =  rl,rl  h-— ..r2 

n 
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PoIy1  Cantilevers 

E  :=169-10®-Pa 


tp  :-2.0-10'^-m 
X  =  1.875104 


PP 


:  =  2.3-10 


Young's  Modulus 

Thickness  of  Poly  1 
Eigenvalue  for  simple  beam 


Function  to  calculate  the  %  Error 
T  is  the  theoretical  value 
O  is  the  observed  value 

i  T  -  O I 

Error(T,0)  := 


Density  of  Polysilicon 


The  two  methods  for  calculating  the  resonant  frequency: 
fl  uses  Equation  3 -XX,  and  ignores  the  width  of  the  beam. 
f2  uses  Equation  3 -XX,  and  also  takes  into  account  the  width  of  the  beam 
(however,  this  has  no  effect  since  w  is  a  term  in  both  k  and  M,  and  is  therefore 


factored  out). 

2  — 

^  'tp  E 

fl(l)  =-  ^  ' 


f2(l,w):. 


i-t-r  J  3-pp 


k«- 


E-w(tp)^ 


M«— w-l-tp-pp 


1 

2'7t 


k 

M 


225  X  50  p  Half  of  the  cantilevers  label  P12  200  have  actual  lengths  (as  drawn)  of  225 
microns 

1  =225-10'^-m  w:=50-10'^-m 

fl(l)  =5.47*10‘‘*sec‘'  f2(l,w)  =  5.39- lO''* sec  ’ 


225  X  40  p 


1  :  =  225-10'®-m  w  :  =  40-10'^-m 

fl(l)  =  5.47- lO'^- sec"''  f2(l,w)  =  5.39- lO'*- sec 


225  X  30  p, 

1  =225  10  ^-m  w:  =  3010  ^-m 

fl(l)  =  5.47- lO'^- sec"'  f2(l,w)  =  5.39*  lo"- sec"' 

Note  that  the  width  has  no  effect  on  the  calculated  value  of  resonance,  but  does  effect  real 
cantilevers 
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225  X  20  fj. 


1  :  =  225-10-^-m 
fl(l)  =5.47*  10'*- sec' 

225  X  10  |4 

1  :  =  225-10  ®-m 
fl(l)  =5.47-10'‘*sec' 

200  X  50  [0, 

1  :  =  200-10”®-m 
n(l)  =  6.924- 10"^- sec 


175  X  50  ^ 

1  -175-10  ^-m 
fl(l)  =  9.043- lO'^- sec’ 

150  X  50  p. 

1  =150-10  ^-m 
fl(l)  =1.231- 10^-sec 


w  =40-10  ^-m 
12(1, w)  =5.39-10'’-sec 

w  :  =  30-10^^-m 
12(1, w)  =5.39-10''-sec 


w  :  =  50-10^^-m 
12(1,  w)  =  6.821- 10‘’-sec 


w  =50-10  ^-m 
12(1, w)  =8.91-10^-sec 


w  :=  50-10  ^-m 
12(l,w)  =1.213-10^-sec 


125  X  50  |J, 
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1  =125-10"®-ni 
fl(l)  =1.772'10^'sec’’ 

100  X  50  )J, 

1  ;=100-10-^-m 
fl(l)  =  2.769- 10^-sec“' 

75  X  50  1^ 

1  :=75'10^^in 

fl(l)  =  4.923- 10^ -sec”' 

50  X  50  |4 

1  :=50-10-®-m 
fl(l)  =1.108-10^-sec 


w  =5010  ^  m 
f2(l,w)  =1.746- 10^ -sec  ' 

w  ;  =  50-10  ^-m 
f2(l,w)  =2.729- 10^ -sec~' 

w  :=50-10  ^-m 
f2(l,w)  =  4.851- 10^-sec’ 

w  :=50-10"^-m 
f2(l,w)  =  1.091- 10^-sec 
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set  up  range  and  granularity 


I 

Length  (m) 


A-8 


A-9 


Poly2  Cantilevers 

E  =169-10®-Pa 


tp  :=  1.5-10  ®-m 
X  =  1.875104 


PP 


=  2.3-10 


Young's  Modulus 

Thickness  of  Poly2 
Eigenvalue  for  simple  beam 


Function  to  calculate  the  %  Error 
T  is  the  theoretical  value 
O  is  the  observed  value 

IT-  0| 

Error(T,0)  = 


Density  of  Polysilicon 


The  two  methods  for  calculating  the  resonant  frequency: 
fl  uses  Equation  3 -XX,  and  ignores  the  width  of  the  beam. 

£2  uses  Equation  3-XX,  and  also  takes  into  account  the  width  of  the  beam 
(however,  this  has  no  effect  since  w  is  a  term  in  both  k  and  M,  and  is  therefore 


factored  out). 


fi(i) 


X  -tp  E 
4-jc-F  J 3-pp 


G(I,w) 


,  E-w-(tp)^ 

- - ^ 

M«- w-l-tp-pp 


225  X  50  p  Half  of  the  cantilevers  label  P12  200  have  actual  lengths  (as  drawn)  of  225 
microns 

1  :  =  225-10-®-m  w:  =  50-10'^-m 

fl(l)  =  4.103*  10'**sec“'  f2{l,w)  =  4.042*  lO'^*  sec"' 


225  X  40  p 

1  =225-10'®-m  w  =40-10  ^-m 

fl(l)  =  4.103*  10''*sec“'  f2(I,w)  =  4.042*  10''*sec 


225  X  30  p 

1  :  =  225-10^^-m  w  :=30-10  ®-m 

fl(l)  =  4.103*  10''*sec”'  f2(l,w)  =4.042*1  O'**  sec 


Note  that  the  width  has  no  effect  on  the  calculated  value  of  resonance,  but  does  effect  real 
cantilevers  . 


cantilevers 


225  X  20  |j, 

l=225-10  ^-m  w:  =  40-10®m 

fl(l)  =  4.103*  10‘^-sec^'  f2(l,w)  =4.042*  10‘‘*sec 

225  X  10  )a 

1  =225-10-^-m  w  :=30-10  ^-m 

fl(l)  =  4.103*  10'^*sec"’  f2(l,w)  =4.042*1  O'**  sec 
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I 


325  X  50  n 

1  :  =  325-10-^.m 
fl(l)  =1.966*10'‘*sec 

300  X  50 

1  :  =  300-10  ^-m 
fl(l)  =  2.308*  lO'^-sec 

275  X  50  10, 

1  ;  =  275-10'®m 
fl(l)  =  2.747*  10'**sec 

250  X  50  |o 

1  :  =  250-10-®m 
fl(I)  =  3.323*  10'**sec 

225  X  50  |o 

1  :  =  225-10^^-m 
fl(l)  =4.103*  10'^*sec 

200  X  50  JO 

1=  200-10  ^-m  w  :  =  5010  ^-m 

fl(l)  =5.193*  10'‘*sec'  f2(l,w)  =5.116*10'^*sec 


w  :=50-10"^-m 
f2(l,w)  =  3.274*  10'‘*sec 

w  50-10  ^-m 
f2(l,w)  =  4.042*  10^*sec 


w  -50-10  ^-m 
G(l,w)  =  2.274*  10'‘*sec 

w  :  =  50-10  ^-m 
f2(l,w)  =  2.706*  lO'^'sec 


w  =50-10  ^-m 
f2(l,w)  =1.937*10'^*sec 
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175  x50)11 


1  :=175-10"^-m 
fl(l)  =6.782-10'‘-sec“’ 

150  X  50  |j, 

1  :=150-10“®-iti 
fl(l)  =  9.231*  lO'^'sec'’ 

125  X  50  |j, 

1  ^125-10-®m 
fl(l)  =  1.329*  lO^'sec"' 

100x50|a 

1  =10010 

fl(l)  =  2.077*  10^*sec 

75  X  50  p. 

1  =75-10-^-m 
fl(l)  =3.693*  10^*  sec 


w  :=  50-10  ^-m 

12(1,  w)  =6.682*  10"^*  sec 


w  =5010  ^-m 
f2(I,w)  =  9.095*  10“^*  sec 


w  =50-10 

f2(l,w)  =1.31*10^*sec“' 

w  =50-10  ^-m 

12(1,  w)  =2.046*  10^*  sec 

w  =50-10  ^-m 

12(1, w)  =  3.638*  10^*sec 


50  X  50  p 

1  :  =  50-10"^-m  w:  =  50-10^^-m 

fl(l)  =  8.308*  10^*sec“'  12(1, w)  =8.186*  10^*sec 
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set  up  range  and  granularity 


rl  :=10-10“^-m 


rl 

r2  :  =  350-10-^-m  n  :=l  1  :  =  rl,rl ..r2 

n 


1 

Length  (m) 
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fl(l) 

f2(l,50-10-^-m) 

2.077- lO’-sec' 

2.046- 1 0^- sec  ’ 

^yO^yi 

Oyyyyyi 

Q^yi^y 

Ql^^yy^^yi 

Oyy^j^y 

yy^^yy 

Oyyy^y 

y^^^yy 

Q^yy^y 

QQ^^y^y 

yyi^^y 

^yyi^yi 

yi^yyyy 

^yy^yi 

y^yyy 

^yyyy 

Qiyyi^yi 

gy^yy 

yn^yyy 

Q^yyi^y 

y^Qj^y 

yyyiQyi 

Oyyy^y 

^^yyyy 

l^yy^iy 

y^y^yi 

y^y^y 

j^jgomyyy 

^yyi^yi 

^yy^^yi 

^^yy^yi 

y^^jyy 

y^yyy 

yyy^y 

^^yy^yi 

g^Oyyy 

yyy^yi 

y^jy^yy 

Oyyy^yi 

^^yo^yy 

y^Oyy 

y^yi^y 

Q^^yjj^y 

D^^yyyi 

^y^iyy 

Poly2  Cantilevers  with  Gold  layer  (not  implemented) 


E  =169-10^-Pa 

Young's  Modulus 

Function  to  calculate  the  %  Error 
T  is  the  theoretical  value 

tp  =  1.5'10"^-m 

Thickness  of  Poly2 

0  is  the  observed  value 

X  =  1.875104 

Eigenvalue  for  simple  beam 

Error(T,0)  = 

T-  0 

T 

tg  =0.5- 10-^' 

pp  =2.3-10  — = 
m 

Density  of  Polysilicon 

pg  :=  19.3-10^-^ 
m 

Density  of  Gold 

The  two  methods  for  calculating  the  resonant  frequency: 
fl  uses  Equation  3 -XX,  and  ignores  the  width  of  the  beam. 
f2  uses  Equation  3-XX,  and  also  takes  into  account  the  width  of  the  beam 
(however,  this  has  no  effect  since  w  is  a  term  in  both  k  and  M,  and  is  therefore 


factored  out). 
X  -tp  ri 

4-7fP 


fl(l)  - 


f2(I,w):  = 


3-pp 


,  E-w(tp)^ 

' — 1^ 

M«— w-l-tp-pp  +  wl-tg-pg 

2-71  -vM 


225  X  50  p  Half  of  the  cantilevers  label  P12  200  have  actual  lengths  (as  drawn)  of  225 
microns 

1  =225-10-®m  w  :  =  50-10"^-m 

fl(l)  =4.103*10'‘*sec“'  f2(I,w)  =  2.074* 


225  X  40  p 


l:  =  225-10  ^-m  w:  =  40-10"^-m 

fl(l)  =4.103*10'**sec  '  f2(l,w)  =2.074*10^*sec 


225  X  30  p 

1  =225-10-^-m  w  =30-10'^-m 

n(l)  =  4.103*  10'^‘sec^'  G(l,w)  =  2.074*  10'‘*sec 


Note  that  the  width  has  no  effect  on  the  calculated  value  of  resonance,  but  does  effect  real 
cantilevers 
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225  X  20  |j. 


1  :  =  225-10- 

225  X  10  )j. 

1  :  =  225  10" 


■m  w  :=  40-10  ^-m 

f2(l,w)  =  2.074*  lO"**  sec 


•  m  w;=3010^-m 

f2(l,w)  =  2.074*  10'‘*sec 
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325  X  50 

l-325  10“^m  w  =5010'^m 

f2(l,w)  =  9.943*  10^‘sec’ 

300  X  50  )a 

1  :  =  300-10'^-m  w  =50-10 

f2(l,w)  =1.167*10^*sec"’ 

275  X  50  |a 

1  :  =  275-10"^-m  w  =50-10  ^-m 

f2(l,w)  =  1.389*  10''*sec’ 

250  X  50  ^ 

1  :  =  250-10“®-m  w:  =  50-10“^-m 

f2(l,w)  =  1.68*1  O'**  sec"' 

225  X  50  |a 

1  =225-10  ^-m  w  =50-10  ^-m 

12(1,  w)  =  2.074*  10'**sec“' 

200  X  50  |j, 

1  =200-10  ®-m  w;  =  50-10-^-m 

12(1, w)  =  2.625*  10'**sec 
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175  X  50 

1=  175-10  ®-m  w:  =  50-10  ^-m 

f2(l,w)  =3.429*10''*sec  ' 

150  X  50  )J, 

l-150-10"®m  w  =50-10-^-m 

f2(l,w)  =  4.667*  10''*sec'' 

125x50|a 

1  =125-10®-m  w:  =  50-10'^-m 

f2(l,w)=6.721*10''*sec“' 

100  X  50  |j, 

1  ::100-10'^-m  w:=5010^-in 

f2(I,w)  =1.05*10^*sec“’ 

75  X  50  |a 

l:  =  75-10-^-m  w  =50-10'^-m 

f2(l,w)  =1.867*  10^ -sec 

50  X  50  |J. 

1  =50-10^^-m  w  50-10  ^-m 

12(1,  w)  =  4.201*  10^*sec 
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set  up  range  and  granularity 


rl  =10’10“^-m  r2  350-10  ^-m  n  :=l  1  :  =  rl,rl  ^  — ..r2 

n 


Length  (m) 


Note:  The  solid  line  is  P2  only 
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Comb  -  Poly  1 

w  =2. 0-10  ^-m  Width  of  supporting  beams 

h  :  =  1 .9946- 1 0“  m  Thickness  of  Poly  1  (Numbers  given  for  MUMPS  1 2) 

E  =  169-10^-Pa  Young's  Modulus 
1  :=  150-  10"^-m  Lenth  of  supporting  beams 

p  :  =  2.3-10^-^  Density  of  Polysilicon 


Calculate  the  Mass  of  the  plate,  beams,  and  trusses  by  breaking  the  areas  into  rectangles: 


MP  ;=[2{(l7M0'^-m)-(l2-10-^-m)  (l7-10-^-m)-(90-10  ^-m)]  +  30-(40-10-^-m)-(3-10-^-m)  +  (54-10"®-m)-(20-10-^-m) 

MB  :=8-(2-10  ®m)-(l50-10^®-m)-h-p 

MT:  =  2-(l5-10^^-m)-(78-10*^'m)-h-p 
M  :  =  MP  +  MB  +  MT 

MT  =  l.073'10^"*kg  MB  =  1.10M0""*kg  MP  =5.434*  10“” -kg  M  =7.608*  10”" -kg 


Calculate  I  and  k 
h'W^ 

l  =  0*m'‘ 


k  :  = 


24EI 


k  =  1.598*  kg*  sec 


Alternate  Method,  taking  into  account  non-ideal  etching  process 

a  :=1.95-10^^-m  b  :  =  2.05-10  ®  m  12  :  =  A.(a  +  b)- (a^  b^)  I2=0*m'‘ 

k2  :  =  k2  =  1.599*kg*sec  ^ 

1^ 

Calculate  Mass  and  Frequency 


M  =MP  +  i'MT+||-MB 


M  =6.079*10  "*kg 
f=2.58*10''*sec”' 

f2=  2.581*  10'^*sec”' 

theoretical  :  =  f2  observed  :=  19.4-KHz 


1  theoretical  ~  observed! 
theoretical 


100 


error  =  24.84% 
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Piston  Mirror- PA4P1. 25  Shrt^  ,  ,  ,„_6 

-  tpl  :=  1.9946  10  -m 

E  =169-10^-Pa  tp2  :=1.544M0  ^-m 


Pw  -66-10'^-m 
Cpd  :  =  22-10-®  m 


cj  :=1.2-10®Pa 
w-1.25-10"^-m 


tox  =0.7508  10  ^-m  v:  =  0.22 

tg=  0.5200- lO'^-m  _o.,n3kg 
pp  ~23-\0  — 2 

1  =86-10  ^-m  "3 


PI  :  =  78-10“^-m 
Cgd  =20-10-®-m 
n  =4 

pg  =19.3-10^-^ 
m 


Aa  =(Pw-Pl)-tpl 


/Cpd\^ 

Apm  :  =  7i-  -(tpl+tox) 

/Cgd\^ 

Agm  -tg 

Mp  :  =  (Aa+  Apm)-pp 

Mp  =2.602*10  ’‘'kg 

Mgm  :  =  Agm-pg 

Mgm  =3.153*10  '^-kg 

M  :  =  Mp  i-  Mgm 

M  =2.917*10^”  *kg 

vl  :=  1  ~  V  vl 

=  0.78 
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Volume  of  actuator 
Volume  of  Poly2/oxicie  mass 

Volume  of  gold  mass 


E-wtpl' 


k  =  10.542*kg*sec 


f  =  9.574*10'‘*sec  ' 


_  0-  (vl)-w-tpl 


k2  =0.014*kg*sec 


kt;-k  +  k2  kt  =  10.556*kg’sec 


Piston  Mirror- PA4P1. 5  Shrt  6  n  in  6  n,  m  6 

~  tpl  1.9946  10  -in  Pw:=66-10  -m  Pl  ;=78-10  -m 


E  :=  169-10 -Pa 


0  =  1.2-10 -Pa 


w  :=  1.5-10“  -m 


Aa  :  =  (Pw-Pl)-tpl 


tp2  :=1.5441-10-^-m  Cpd  :=  22-10“^-m  Cgd  :=  20-10“ ^-m 


tox  0.7508*  10  -m  v  =0.22 

t6  =0.5200.10-‘.n, 

l:  =  88-10“^-m  ^ 


pg  =19.3-10^-^ 
m 


Apm  :  =  7t- 


Agm  :  =  i- 


-(tpl  i-  tox) 


Volume  of  actuator 
Volume  of  Poly2/oxide  mass 


Volume  of  gold  mass 


Mp  =(Aa-i-Apm)-pp  Mp  =2.602*10  *  ‘kg 


Mgm  :  =  Agtn-pg 

M  ;  =  Mp  -t-  Mgm 
vl  ;= 1  -  V 


E-w-tpl' 


Mgm  =3.153*10  '^*kg 


M  =2.917*10  “•kg 


vl  =0.78 


k  =  11.807*kg*sec 


f=1.013*10^*sec  * 


c-  (vl)-w-tpl 


k2  =0.016*kg*sec 


kt  :  =  k-hk2  kt  =  11.823*kg*sec 


Piston  Mirror  -  PA4P1. 75  Shrt  ,  m  6  „  in-6  t,,  ,  -,o  m-e 

-  tpl  :=  1.9946-10  -m  Pw  :  =  66-10  -m  PI  =78-10  -m 

E  ;=169-10^-Pa  tp2  :=  1.5441- 10“ ^-m  Cpd  :=  22- 10  ®-m  Cgd  =20-10  ®-m 


a  =1.2-10 -Pa 


w  =1.75-10“  -m 


tox  =0.7508-10“  -m  v:  =  0.22 

tg:  =  0.5200- 10“^-m  ._.,,in3kg 

pp  .=  2.3*  10 

l=86-10®-m 


Aa  :  =  (Pw-Pl)-tpl 
/Cpd\^ 

Apm:  =  7t-  -(tpl  +  tox) 

Agm:  =  j[-f^j  -tg 


pg  =19.3-10^ 


Volume  of  actuator 
Volume  of  Poly2/oxide  mass 


Volume  of  gold  mass 


Mp  :  =  (Aa^' Apm)-pp  Mp  =2.602*10  "’kg 


Mgm  Agm-pg 


Mgm  =3.153*10  ’^*kg 


M  :  =  Mp  +  Mgm 
vl  =1  -  V  vl  =0.78 


M  =2.917*10  '‘*kg 


k  =n- 


E-w-tpl" 

"1^ 


f:  = 


2-71 


k  =  14.759*  kg*sec 


f=1.133*10^*sec  ' 


k2  :  = 


0'(vl)-W'tpl 


k2  =  0.019*  kg*  sec 


kt .  =  k  k2 


kt  =  14.778*kg*sec 


Piston  Mirror  -  PA4P2.0  Shrt 


E  ;=  169-10 -Pa 


a  =1.2- 10'’- Pa 


w  =2.0-10  ®m 


Aa  :=(Pw-Pl)-tpl 


tpl  =1.9946-10  ^-m  Pw  ;  =  66-10^ ^-m  PI  =78-10  ^-m 

tp2  =  1.5441 -10‘^-m  Cpd  :  =  22-10-^-m  Cgd  :  =  20-10-^-m 


tox  =0.7508-10  -m  v  :  =  0.22 

tg:  =  0.5200- 10-^-m  .3  kg 

pp  -2.3-10  - — j 

l:=86-10^-m 


Apm  :  =  7t- 


Agm  =1- 


Cpd 


Cgd 


-(tpl  +  tox) 


•tg 


Mp  =(Aa4^  Apm)-pp  Mp  =2.602*10  ***kg 
Mgm  =  Agm-pg 

-11 


Mgm  =3.153*10  ‘^*kg 


M  :  =  Mp  Mgm 
vl  :=l-v 


M  =2.917*10 
vl  =0.78 


•kg 


n  :  =  4 

pg  =19.3-10^-^ 
m 


Volume  of  actuator 
Volume  of  Poly2/oxide  mass 

Volume  of  gold  mass 


/E-w-tpEi  -7 

k  :  =  n-  ( - J—  1  k  =  16.867* kg*sec  ^ 


f  = 


2-71 


f=1.211*10^*sec  * 


k2 


_  a-  (vl)-w-tpl 


2-1 

kt  :  =  k  3-  k2 


k2  =0.022*  kg*  sec 


kt  =  16.889*kg*sec 
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Piston  Mirror  -  PA4P1.0 


E  :=  169-10  -Pa 


o  =1.2-10 -Pa 


w  =1.0-10  -m 


tpl  ;=1.9946-10'^-m  Pw  :  =  58-10®m  PI  :  =  70-10'®-m 

tp2  :=  1.5441-10-^-m  Cpd  =22-10  ^-m  Cgd  =20-10  ^-m 


tox  =0.7508- 10-'’-m  v;  =  0.22 

tg:  =  0.5200- lO-^-m  ..,„3kg 

pp  -2.3-10  — j 

1  ;=147-10‘^-m  m 


pg  :=  19.3-10^-^ 
m 


Aa  :  =  (Pw-Pl)-tpl 


Apm  :  =  7t- 


Agm  =71- 


-(tpl  ^  tox) 


Mp  :  =  (Aa-i- Apm)-pp  Mp=2.103*10  *kg 
Mgm  :=  Agm-pg  Mgm  ==3.153*10  '^'kg 


Voiume  of  actuator 
Volume  of  Poly2/oxide  mass 


Volume  of  gold  mass 


M  :  =  Mp  ^  Mgm 
vl  :=1  -  V 


M  =2.418*10  "*kg 


vl  =0.78 


k  :  =  n- 


'E-w-tpl' 


k  =  1.689*  kg*  sec 


a-  (vl)-w-tpl 


k2  =0.006*  kg*  sec 


f:  =  -L-  P 

2-7t  WM 


f  =  4.214*  10‘**sec 


kt:  =  k+k2  kt  =  1.695*  kg*  sec 


Piston  Mirror  -  PA4P1.25 


E  =169-10 -Pa 


a;=1.2-10'’-Pa 


w  :=  1.25- 10  -m 


tpl  =1.9946- lO’^-m  Pw  :=58-10"^-m  PI  =70-10  ^-m 
tp2  :=  1.5441- lO’^-m  Cpd  :  =  22-10-^-m  Cgd  =20-10  ^-m 


tox  =0.7508-10-  -m  v  :  =  0.22 
.g  =0.5200.10-‘.m  ^p.2  3,,„3kg 

1  =147-10-^-m  ^ 


pg  =19.3-10^-^ 
m 


Aa  :  =  (Pw-Pl)-tpl 
/Cpd\^ 

Apm  =71-—^  -(tpl^tox) 


Agm  =7t- 


Mp  :  =  (Aa+ Apm)-pp  Mp  =2.103*10  ‘ ’kg 


Mgm  :  =  Agm-pg 


Mgm  =3.153*10  *kg 


Volume  of  actuator 
Volume  of  Poly2/oxide  mass 


Volume  of  gold  mass 


M  =  Mp  +  Mgm 


M  =2.418*10  "-kg 


vl  =1  -  V 


vl  =0.78 


k  :  =  n- 


E-w-tpl' 


f:  = 


2-n 


k  =2.111*kg"sec 


f  =  4.71M0'‘*sec  ' 


0-(vl)’Wtpl 

Ki 

kt :  =  k  -I-  k2 


k2  =0.008*kg*sec 


kt  =2.1 19*  kg*  sec 


Piston  Mirror  -  PA4P1.5 


E  :=  169- 10 -Pa 


0  =1. 2-10®  Pa 


w  =  1.5'  lO'^-m 


tpl  :=1.9946-10"^-m  Pw :  =  5810“^-m  PI  :=70-10'^-m 

tp2  :=1.544M0  ^-m  Cpd  :  =  22-10  ^-m  Cgd  :  =  20-10~®-m 


tox  =0.7508- 10"  ^-m  v  =0.22 

.g=  0.5200. pp:=2,3.,0=.'5| 
1  :=147-10"^-m  m 


n  =4 

pg  =19.3-10^-^ 
m 


Aa  :=  (Pw-Pl)-tpl 
/Cpd\^ 

Apm:  =  7t-  -(tpl^tox) 


Agm  =71- 


Cgd 


•tg 


Mp  :  =  (Aa+ Apm)-pp  Mp  =2.103*10  '’*kg 


Mgm  =  Agm-pg 


Mgtn  =3.153*10  '^*kg 


Volume  of  actuator 
Volume  of  Poly2/oxide  mass 

Volume  of  gold  mass 


M  :  =  Mp  ^  Mgm 
vl  :=  1  -  V  vl  =0.78 


M  =2.418*10  '**kg 


k  :  =  n- 


E-w-tpl 

“7 


3\ 


f:  = 


2-71 


k  =2.533*kg*sec 


f=  5.161*  10'‘*sec  ' 


k2  :  = 


0-  (vl)-w-tpl 


2-1 

kt :  =  k  k2 


k2  =0.01*kg*sec 


kt  =2. 543*  kg*  sec 


Piston  Mirror  -  PA4P1.75 


E  =169-10 -Pa 


0  =1.2-10 -Pa 


w  :=  1.75-10  -m 


tpl  =1.9946-10  -m  Pw  =58-10  -m 


PI  :  =  70-10‘®-m 


tp2  :=  1.5441- lO'^-m  Cpd  :  =  22-10“°-m  Cgd  =20-10' °-m 


tox  :  =  0.7508- lO'^-m  v  ;  =  0.22 


tg  =0.5200-10"  -m 
1  ;=147-10-^-m 


pp  :  =  2.3-10^-’^ 


m 


Aa  ==(Pw*Pl)*tpl 
/Cpd\^ 

Apm  ;  =  7t-  -(tpl-t-tox) 

A 

Agm  '  =  ‘^■[-^1  -tg 
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n  :  =  4 

pg  =19.3-10^-.'^ 
m 


Volume  of  actuator 
Volume  of  Poly2/oxide  mass 

Volume  of  gold  mass 


2 


w  - 1.0-10  -m 


Aa  :  =  (Pw-PI)-tpl 


1  :=88-10 


pp  2.3-10 


Apm  :  =  71- 1 j  -(tpl+tox) 

.  /Cgd\^ 

Agm  :  =  -tg 


Mp  :  =  (Aai- Apm)-pp  Mp  =2.844*10  ‘kg 


Mgm  :  =  Agm-pg 


Mgm  =3.153*10  '^*kg 


M  :  =  Mp+Mgm  M  =3.159*10  '’*kg 
vl:=l_v  vl  =0.78 


pg  19.3-10 


m 


m 


Volume  of  actuator 
Volume  of  Poly2/oxide  mass 

Volume  of  gold  mass 


k  ;  =  n- 


E-w-tpl 


f  - 


2-71 


k  =3. 93 6*  kg*  sec 


f=5.625*10'**sec  ’ 


k2  = 


o-  (vl)-w-tpl 


2-1 

kt  :=k4-  k2 


k2  =0.011*kg*sec 


kt  =  3. 946*  kg*  sec 


Piston  Mirror- PA2P1. 25  tpi  =  i.9946.io-6.m  Pw :  =  66-10'^-m  PI  :  =  86-10'^-m 


E  169-10 -Pa 


o:=1.2-10^-Pa 


w  =1.25-10“  -m 


Aa  =  (Pw-Pl)tpl 


tp2  :=1.5441-10“^-ni  Cpd  =22-10“ ^-m  Cgd  =20-10“ ^-m 


tox  :=  0.7508- 10“  -m  v  :=0.22 

tg=  0.5200- 10“®-m  oil  03*^8 

pp  =2.3-10 — 3 

1  :  =  88-10“^-m 


/Cpd\''  ,  , 

Apm:  =  7t-  -(tpl-htox) 

/Cgd\^ 

Agm  '  =  'tg 


Mp  :  =  (Aa+ Apm)-pp  Mp  =2.844*10  ”  *kg 
Mgm  :  =  Agm-pg 


Mgm  =3.153*10  '^*kg 


M:  =  Mp+Mgm  M  =3.159*10  ”  *kg 
vl  :  =  1  -  V  vl  =  0.78 


n  -2 

pg:=19.3-10^-.l^ 

m 


Volume  of  actuator 
Volume  of  Poly2/oxide  mass 

Volume  of  gold  mass 


k  :  =  n- 


E-w-tpr 


f  - 


k  =4.92*kg*sec 


f=  6.289*  10'’*sec  ' 


k2 


o-  (vl]-w-tpl 
"  2d 

kt  :  =  k  +  k2 


k2  =0.013*kg*sec 


kt  =4.933*  kg*  sec 


2-71 


A-31 


Piston  Mirror  -  PA2P1.5 


E  :=16910^  Pa 
cj:=1.2-10^-Pa 
w  =  1.5-10“^-m 


tpl  :=1.9946-10“®m 
tp2  :=1.544M0‘^-m 
tox  ;  =  0.7508- 10  ^-m 
tg  :  =  0.5200- lO'^-m 
1  =88-10  ^-m 


Pw  =66-10"®-iti 
Cpd  :  =  22-10“®-m 


v:  =  0.22 


pp  :  =  2.3-10  — j 


Aa  :  =  (Pw-Pl)*tpl 
/Cpd\^ 

Apm  :  =  7t-  -(tpl  +  tox) 

.  /Cgd\^ 

Agm  -tg 

Mp  =(Aa+Apm)-pp  Mp  =2.844*10  ” ‘kg 
Mgm  :  =  Agm-pg  Mgm  =3.153*10  *^*kg 


PI  =86-10  ®-m 
Cgd  =20-10  ^-m 
n  =2 


Pg 


19.3-10 


Volume  of  actuator 
Volume  of  Poly2/oxide  mass 


Volume  of  gold  mass 


M  :  =  Mpi-Mgm  M  =3.159*10  ***kg 

vl  :=  1  -  V  vl  =  0.78 


/E-w-tpl^\ 

'"i  p  ) 

k  =  5. 904* kg* sec  ^ 

o-(vl)-w-tpl 
^  2-1 

k2  =0.01 6* kg* sec  ^ 

f= 6.889*  10'‘*sec“' 

kt:  =  k  +  k2 

kt  =5.92*kg*sec  ^ 

Piston  Mirror  -  PA2P1.75 

tpl  ;=1.9946-10‘^-m 

Pw  =66-10  ^-m 

PI  :=86-10-^-m 

E  ;=169-10^-Pa 

tp2  ;=  1.5441- lO'^-m 

Cpd  =22-10  ^-m 

Cgd  =20-10  ^-m 

a  =1.2- 10^- Pa 

w:=1.75-10"^-m 

tox  :  =  0.7508- 10^^-m 
tg  =  0.5200- lO'^-m 

I  =88-10  ^-m 

v:  =  0.22 

T  T  1  n3  kg 

PP  =2.3-10  — j 
m 

n  -2 

pg  =19.3-10^-^ 
m 

Aa  :  =  (Pw-Pl)-tpl 

/Cpd\^^  , 

Apm  :  =  7t-  -j-  -(tpl  +  tox) 

Volume  of  actuator 

Volume  of  Poly2/oxide  mass 

/Cgd\^ 

Agm  dg 

Volume  of  gold  mass 

Mp  ;  =  (Aa+ Apm)-pp  Mp  =2.844*10  ” 

•kg 

Mgm  =  Agm-pg 

Mgm  =3.153*10 

'^•kg 

M  :  =  Mp  +  Mgm 

M  =3.159*10“'** 

kg 

vl  =1  -  V 

vl  =0.78 

'E-w-tpl^' 
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E-w-tpl' 


k  =6.888*kg’sec 


o-  (vl)-w-tpl 


k2  =  0.019*  kg*  sec 


f:  =  — • 

2-71 


f  =  7.441*  10'‘*sec  ’ 


kt  :  =  k  k2  kt  =  6.906*kg*sec 


Piston  Mirror  -  PA2P2.0 


E  :=  169-10 -Pa 


0  =  1.2-10 -Pa 


w:  =  2.0-10-®-m 


tpl  :=1.9946-10-^-m  Pw  :  =  66-10  ^-m  PI  :=  86-10^®-m 

tp2  =1.5441 -lO'^-m  Cpd  :  =  22-10“^-m  Cgd  ;  =  20-10-®-m 


tox  =0.7508-10  -m  v  :  =  0.22 
tg  =0.520010 ‘n, 

1  =88-10  ^-m  ™ 


pg  =19.3-10^-^ 
m 


Aa  :  =  (Pw-Pl)-tpl 


Apm  :  =  71- 


-(tpl  ^  tox) 


Agm-Tt-pM)  -tg 

Mp  ;  =  (Aa7=  Apm)-pp  Mp  =2.844*10  "  *kg 


Mgm  :=  Agm-pg 


Mgm  =3.153*10  '^*kg 


Volume  of  actuator 
Volume  of  Poly2/oxide  mass 


Volume  of  gold  mass 


M  :  =  Mp  ^  Mgm 
vl  =1  -  V 


M  =3.159*10  "‘kg 


vl  =0.78 


E-w-tpl“ 


k  =7.872*kg*sec 


a-  (vl)-w-tpl 


k2  =  0.021*kg*sec 


f  =  7.955*  10'**sec  ' 


kt:  =  k-i-k2  kt  =7.893*kg*sec 
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